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INTRODUCTION 

Initiation  and  management  of  the  project 

The  P.I  was  awarded  the  grant  titled  “Magnetic  Resonance  Studies  of  Photosensitizers  and  their 
effects  in  tumors”  in  the  latter  half  of  1999  while  he  was  Associate  professor  of  Radiology  at  the 
University  of  Arkansas  for  Medical  sciences.  Subsequently  he  moved  to  the  University  of 
Nebraska  for  Medical  Center  as  Associate  Professor  and  University  MR  physicist.  This  led  to 
the  availability  of  modern  high  field  MR  instrument  there  by  adding  significant  advantage  for  the 
success  of  the  project.  The  grant  was  reworked  to  meet  the  DOD-Army  requirements  and  the 
project  received  formal  approval  and  activated  in  October  of  year  2001 . 

Soon  there  after  an  undergraduate  level  technician  was  hired  and  a  year  later  a  graduate  level 
technician  was  hired  to  perform  higher  level  data  analysis  involved  in  the  project.  The  project 
did  have  ups  and  downs  and  the  initial  hurdle  was  that  the  7T  magnet  could  not  be  charged  to  the 
required  field  strength  and  hence  was  maintained  at  4.7T  while  the  manufacturer  would  provide 
a  replacement  magnet.  The  true  7T  magnet  was  operational  by  end  of  April  2002  leaving  2  years 
5  months  to  finish  the  three  year  project.  The  transition  from  the  4.7T  to  7.0T  also  necessitated 
retooling  of  the  many  radiofrequency  coils  built  for  4.7T  instrument.  This  also  led  to  some  slow 
down  in  the  progress  of  the  project  and  consumed  a  substantial  part  of  the  project  period.  The 
first  technician  had  to  leave  the  job  to  take  care  of  her  new  born  baby  in  mid  2004.  A  quick 
replacement  was  found  although  the  new  person  had  to  be  trained  for  5-6  months  before  the 
required  preliminary  work  could  be  performed  towards  the  grant.  As  such,  a  request  for  an 
additional  year  of  no  cost  extension  was  sought. 

We  provide  here  a  detailed  progress  report  of  the  entire  work  done  on  this  grant.  The  papers 
published  and  results  presented  in  scientific  meetings  are  also  provided  as  a  part  of  this  report 
(please  see  Appendix  B1  and  B2). . 


Introduction  to  Scientific  project  and  Progress 

The  diagnosis  and  treatment  of  cancer  is  an  important  healthcare  issue.  This  project  is  concerned 
with  the  development  and  monitoring  of  fluorine  labeled  photosensitizer  (PS)  for  the  treatment 
of  breast  cancer  by  a  relatively  new  and  evolving  cancer  treatment  modality.  The 
photosensitizers  are  new  and  hence  can  not  be  administered  to  humans  directly.  This 
necessitates  the  use  of  a  suitable  tumor  model.  Using  a  mouse  foot  tumor  model,  the  fluorine 
labeled  photosensitizers  (called  DOD-2  and  DOD-6)  were  monitored  over  time  in  single 
subjects.  The  information  obtained  from  in  vivo  MR  studies  on  the  rate  of  rate  of  absorption,  the 
time  period  during  which  the  PS  concentration  peaked  ,  and  the  rate  of  elimination  were  used  to 
choose  the  time  to  irradiate  the  tumor  with  laser  light  at  appropriate  wavelength.  The  response  to 
photodynamic  therapy  (PDT)  was  measured  by  31P  MR  spectroscopy.  These  studies  will  provide 
information  of  significant  value  to  breast  cancer  research  and  treatment  via  photodynamic 
therapy. 
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Body  (Research  accomplishments  and  details  of  the  work) 

Task-1 

As  a  significant  part  of  the  study  we  have  been  able  to  obtain  sufficient  amount  of 
fluorinated  photosensitizer  with  12  equivalent  fluorine  atoms  in  the  porphyrin 
photosensitizer.  This  sensitizer  has  an  absorption  peak  at  626nm  and  is  effective  at  10 
pM/kg  concentration  in  the  animal  model  (  monthsl-36).  However  the  last  of  the  four 
compounds  arrived  only  in  Nov.  2005  and  we  needed  time  to  perform  the  stated  MR  studies. 

As  suggested  in  our  original  statement  of  work  we  developed  two  water  soluble  photosensitizers. 
The  two  photosensitizers  and  their  nonfluorinated  analogs  were  synthesized(  Dr  Ravi  Pandey  and 
Roswell  park  cancer  Institute).  Details  of  the  synthesis  of  fluorinated  chlorin  PS  are  given  here. 


Preparation  of  Fluorinated  Chlorin 

Methyl  pheophorbide-a  1  was  converted  into  chlorin  ee  trimethyl  ester  2  by  following  the 
literature  procedure  and  was  isolated  in  >75%  yield.  The  intermediate  unstable  bromoderivative 
obtained  by  reacting  2  with  30%  HBr/acetic  acid  was  dried  under  vacuum  and  immediately 


reacted  with  3,5-bis-(trifluoromethyl)benzyl  alcohol.  The  resulting  product  obtained  after  the 


Methyl  Pheophorbide-a 

1 


Chlorin  e6  trimethyl  ester 

2 


Figure  1 
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standard  work-up  was  purified  by  Alumina  (Gr  III)  column  chromatography,  eluting  with 
dichloromethane.  The  appropriate  fractions  were  combined.  Evaporation  of  the  solvent  gave  3  in 
72%  yield.  The  methyl  ester  functionalities  were  then  hydrolyzed  with  aqueous  sodium 
hydroxide/THF/methanol  and  the  reaction  was  monitored  by  HPLC  analysis.  After  the 
completion  of  the  reaction  the  solvents  were  evaporated  under  high  vacuum.  The  reaction 
product  was  redissolved  in  phosphate  buffer  and  the  pH  of  the  solution  was  adjusted  to  7.4. 

The  structures  of  the  intermediates  (see  Figure  1)  and  the  final  product  were  confirmed  by  NMR 
and  mass  spectrometry  analyses.  The  list  of  compounds  received  from  the  collaborator  is  shown 
in  Appendix-A  as  a  table  which  provides  the  year  (with  appox  date,  month  and  years)  the 
compounds  were  received  in  our  laboratory. 

Task  -2  A 

Grow  tumors  on  mouse  foot,  inject  photosensitizers  and  analyze  effects  using  in  vivo  MR 
technique,  and  measure  tumor  volumes  at  3,  24,  and  48  hours. 

Details  of  research  work 

The  RIF  tumors  used  in  the  study  were  produced  following  the  protocol  of  Twentyman  et  al  (1). 
We  studied  C3H/HeJ  mice  tumors  during  the  entire  project  period. 


Effect  of  Photosensitizer  alone 

Photodynamic  therapy  is  a  novel  cancer  treatment  modality  in  which  the  drug  action  is  locally 
controlled  by  light  (2).  Development  of  new  photosensitizers  (PS)  for  clinical  applications  needs 
to  minimize  dark  cytotoxicity  while  maximizing  the  PDT  effects  in  the  tumor.  Photofrin  with  a 
long  incubation  time  in  human  ovarian  carcinoma  cells  has  shown  dark  toxicity  effects  (3). 
Other  photosensitizers  such  as  Nile  Blue  A  (NBA)  have  shown  dark  toxicity  on  human  tumor 
cells  in  vitro  (4).  The  dark  toxicity  of  NBA  was  not  due  to  apoptosis.  The  cytotoxicity  of 
photosensitizers  in  an  in  vitro  situation  is  often  measured  using  a  suitable  cell  system.  For 
example  the  cytotoxicity  in  dark  or  in  the  presence  of  laser  light  is  generally  monitored  by 
counting  the  number  of  cells  in  the  untreated  and  PS  treated  cultures  (5).  Other  methods  such  as 
MTT  cell  proliferation  assay  (  6  )  is  based  on  the  ability  of  mitochondrial  dehydrogenase  enzyme 
from  viable  cells  to  cleave  the  tetrazolium  rings  of  MTT  and  form  a  dark  blue  formazan  crystal 
which  is  largely  impermeable  to  cell  membranes.  The  number  of  surviving  cells  is  directly 
proportional  of  the  formazan  product  created.  The  latter  method  has  been  used  to  detect  a 
portion  of  dark  toxicity  manifested  by  Photofrin  II  (7). 


In  the  above  in  vitro  models  the  effect  is  only  seen  in  the  number  of  cells  that  die  and  the 
number  of  healthy  cells  that  remain  after  a  treatment.  The  results  depend  upon  the 
concentration  of  PS  which  remain  constant  during  the  time  of  incubation.  However, in  practice, 
build  up  of  the  PS  in  the  tumor  and  its  subsequent  cytotoxicity  is  a  dynamic  process  involving 
different  absorption  and  elimination  rates.  Thus,  a  true  and  realistic  model  when  used  to 
determine  the  cytotoxicity  should  take  into  account  the  dynamics  of  PS  in  the  model. 
Additionally,  the  presence  of  vasculature  in  tumors  is  not  represented  in  cellular  systems  thereby 
making  it  a  less  effective  representation  of  a  tumors  present  in  humans.  Thus,  a  tumor  model  in 
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a  mammalian  system  should  be  of  great  preclinical  value  in  obtaining  more  information  on  the 
effects  of  PS  on  the  tumor  either  in  the  dark  or  in  the  presence  of  laser  light.  For  these  studies 
we  use  the  murine  tumor  model  where  the  tumor  is  grown  on  the  foot  dorsum. 

Effect  of  new  photosensitizers  alone  on  tumor  growth  profiles 


TIME  (hrs) 


Figure  2.  Growth  profiles  of  mouse  tumors 
treated  with  PFII  and  fluorinated  photosensitizers 
such  as  DOD-2,  DOD-6  along  with  untreated 
controls. 


The  effect  of  photosenitizers  such  as  photofrin  or  the  newly  synthesized  compounds  at  similar 
concentrations  did  not  show  visible  effects  on  the  growth  profiles(see  Figure  2).  However  the 
effect  on  the  tumor  bioenergetics  were  observed  as  demonstrated  by  the  changes  in  high  energy 
phosphates.  Representative  figures  are  provided  in  Appendix-A  for  a  quick  reference. 


Effect  of  PDT  on  tumor  volumes 

The  growth  of  tumors  before  PDT  and  regression  following  PDT  were  monitored  by  making 
tumor  volume  measurements  4  to  5  times  a  week.  The  volumes  were  measured  by  measuring  the 
three  diameters  and  the  volume  computed  using  the  ellipsoid  approximation.  The  studies  were 
performed  on  the  fluorine  labeled  photosensitizer,  the  non  labeled  analog  and  the  FDA  approved 
photofrin.  The  drug  was  administered  at  a  dose  of  lOpM/kg.  A  detailed  presentation  of  the 
synthesis  along  with  mass  spectroscopic  and  high  resolution  MR  data  was  presented  at  the 
ERA  of  Hope  meeting  at  Florida  (2002  August).  A  copy  of  the  abstract  is  attached  in  the 
appendix.  The  doubling  times  of  tumor  growth  before  PDT  were  found  to  be  125  mm3  (n=9).  A 
complete  analysis  of  several  tumor  doubling  times  before  and  after  therapy  are  documented  in 
Table  1  (see  Appendix  A).  The  tumor  regression  with  one  PDT  treatment  with  a  single  or 
fractioned  dose  was  observed  for  a  few  days  post  therapy.  No  complete  tumor  regression  was 
seen  in  a  single  treatment  alone  (Table  2,  in  Appendix  A).  Tumor  regression  with  DOD-2  was  as 
large  as  30-40%  and  tumor  regrowth  started  after  a  few  days  of  regression. 

MR  Studies  of  PS  and  PDT  treated  tumors  (JH,  19F,  31P  nuclei) 
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Magnetic  resonance  studies  allow  PDT  effects  to  be  detected  and  monitored  by  31P  spectroscopic 
measurements  and  also  by  making  measurements  of  parameters  accessible  by  imaging 
techniques.  Additionally,  the  Fluorine- 19  labeled  compounds  used  here  will  allow  the 
quantitation  of  the  photosensitizer  in  the  tissue  by  using  19F  MR  methods.  These  methods  are 
noninvasive  and  hence  are  appealing  as  they  can  be  translated  to  humans  undergoing  therapy 
with  new  photosensitizers  labeled  appropriately  as  described  here. 

RF  coil  construction  for  MR  imaging  and  spectroscopy 

The  construction  of  radiofrequency  coils  were  a  significant  requirement  for  the  project.  The 
coils  that  were  require  for  this  project  were  built  at  different  stages  of  the  grant  period  and  only 
four  representative  coils  are  discussed  in  a  little  detail.  The  project  required  a  number  of  RF 
coils  of  different  shape,  size  and  volume  and  operated  at  19F,  ’H,  3IP  frequencies  at  4.7T  and 
subsequently  7.0T  Bruker  instrument. 

The  initial  magnet  that  was  charged  could  not  hold  steady  at  the  required  high  field  strength  of 
7Tesla  and  as  such  it  was  left  operating  at  4.7T.  The  machine  was  kept  operational  till  April  of 
2002  when  the  switch  to  7T  was  made.  The  7T  instrument  has  been  operating  with  little 
interruptions. 

The  initial  coils  made  for  4.7T  were  non  opearational  at  7T  and  they  have  to  be  refabrictaed. 
The  coils  were  tested  on  phantoms  and  then  on  mice  bearing  tumors  and  treated  with  the  new 
photosensitizers.  In  addition  to  the  above  we  also  had  access  to  a  larger  3,P-'H  coil  (not  shown) 
made  by  Bruker  (the  manufacturer  of  the  instrument) 

Below  we  display  the  two  surface  coils  of  1.5  and  3.0  cm  diameter  (see  Figs  1&  2)  and  saddle 
coils  for  'H  and  31P  nuclei  (Figs  3  &  4).  These  were  used  to  detect  and  quantitate  the  fluorine  in 
the  tumor  and  the  muscle. 


Figure  3.  Figure  4. 

A  1.5  cm  i9F  surface  coil.  A  3.0cm  19F  surface  coil 
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Task-  2B 

PDT  studies  both  the  fluorine  labeled  nonlabeled  Sensitizers 

Our  studies  have  shown  that  PDT  performed  with  this  drug  administered  IP  at  10  pM/kg  lead  to 
tumor  regression.  Representative  3IP  MR  studies  were  performed  on  tumors  both  before  and 
after  the  initiation  of  PDT.  The  effect  of  PDT  on  tumor  volumes  with  each  of  the  three 
photosensitizers  (fluorine  labeled,  non  labeled  and  photofrin)  is  shown  in  Figure7.  The  growth 
pattern  of  untreated  tumors  and  those  treated  with  PS  alone  or  laser  alone  are  shown  in  Figure  8 
An  examination  of  growth  pattern  clearly  indicates  the  effect  of  PDT  in  tumor  volume  reduction 
which  are  substantial  in  the  case  of  DOD-6  and  are  much  smaller  for  DOD-2. 


Time  (min) 


Figure  7.  Growth  profiles  under  PDT 
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Task-3 

A  chlorine  type  photosensitizer  which  we  refer  to  as  DOD-6  (with  6  equivalent  fluorines) 
was  developed  (with  Co-I,  Dr.  Ravindra  Pandey,  Roswell  Park  Cancer  Institute).  A  brief 
description  of  the  synthesis  of  this  compound  has  been  provided  earlier.  Similarly  the 
corresponding  non  labeled  analog  was  also  synthesized  based  on  the  principles  shown  in 
Figure  1  and  this  was  also  studied  for  its  PS  activity  like  fluorinated  counterpart. 

The  above  tasks  included  the  studies  required  to  observe  changes  in  diffusion  coefficients  upon 
PDT  treatments,  relaxation  measurements  and  detailed  analysis  from  select  regions  of  interest. 

In  order  to  obtain  optimum  time  for  laser  irradiation  and  to  quantitate  the  photosensitizer  in  the 
tumor  noninvasively,  we  used  19F  spectroscopic  technique  to  follow  the  labeled  photosensitizer. 
As  a  first  approximation  we  assume  that  the  rate  of  absorption,  retention  and  elimination  are 
independent  on  the  drug  dose.  At  present  we  are  able  to  perform  these  l9F  MR  studies  at  a  drug 
dose  of  100  pM/kg.  A  home  built  surface  coil  was  used  to  perform  these  studies  on  the  7Tesla 
animal  imager.  A  knowledge  of  the  relaxation  times  Ti  and  T2  are  necessary  for  optimization  of 
the  spectral  data.  The  mean  values  of  relaxation  times  in  the  solution  were  924±38  ms  for  Ti 
and  1 50±2  ms  for  T2  and  were  used  to  optimize  of  tumor  spectra.  By  comparing  the  intensities 
from  the  tumor  volume  with  a  phantom  containing  a  known  concentration  of  PS,  the  amount  of 
PS  in  the  tumor  could  be  calculated.  The  entire  Pharmacokinetic  profile  of  PS  in  tumor  model 
was  constructed  using  three  tumors  (Figure  9).  Based  on  this  profile  PDT  was  performed  at  time 
points  2hr,  4hr  and  24  hrs  post  drug  administration.  The  various  parameters  used  in  PDT  studies 
are  listed  in  Table  3. 


Figure  9:  Pharmacokinetic 
profile  for  DOD-2  in  RIF 
tumor  model.  The  black  line 
connects  the  experimental 
points  while  the  red  line  is 
the  fit  to  the  data.  The  data 
were  obtained  using  coil 
shown  in  Fig.3. 


Figure  10:  Pharmacokinetic  profile  for 
DOD-6  in  RIF  tumor  model.  The 
circles  are  experimental  points  while 
the  solid  blue  line  is  pharmacokinetic 
profile  that  fits  the  data. 


Time  (minutes) 
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Using  this  information  from  in  vivo  19F  MR  studies,  several  mice  tumors  were  studied  for  PDT 
effects  using  the  fluorine  labeled  and  nonlabeled  analog.  Representative  graph  indicating  the 
PDT  effects  on  the  tumor  volumes  upon  using  DOD-1,  DOD-2,  DOD-6,  and  photofrin  are  shown 
in  Figure  7.  Under  similar  doses  of  photofrin  and  DOD-2  ,  the  tumors  showed  similar  regression 
pattern  .  The  data  shown  in  Figure  7  clearly  demonstrates  this  (see  the  data  shown  in  green  and 
sea  blue  colors  for  photofrin  and  DOD-2).  DOD-1  did  not  exhibit  any  tumor  regression  in  the 
studies  performed  so  far  (data  in  green).  Thus,  under  the  assumption  that  the  pharmacokinetics 
for  the  labeled  compound  is  similar  to  that  of  the  labeled  compound,  it  appears  that  the  PDT 
efficacy  for  the  non  labeled  compound  is  comparatively  low.  This  certainly  demonstrates  that 
the  properties  of  fluorine  labeled  photosensitizer  has  significantly  different  efficacy  in  this  case. 


The  results  show  that  this  photosensitizer  has  fast  elimination  constant.  The  drug  is  eliminated 
completely  in  about  16  hours.  The  peak  value  was  reached  around  2  hrs.  The  absorption, 
distribution  and  elimination  were  obtained  using  equation 

C=  Ae'“‘  +  D  ept  +  E e‘yt 

Where  a  ,P  and  y  are  the  three  rate  constants  for  absorption,  distribution  and  elimination 
phases.  The  analysis  was  done  using  the  PK  solutions  software  (8). 

The  laser  energies  used  in  the  study  were  optimized  at  lOpM/kg  dose  of  the  PS.  The  laser 
power  was  at  75  or  150  mw/cm2  at  the  surface  of  the  tumor  and  the  irradiation  time  was  30 
minutes.  In  some  cases,  at  the  higher  power  of  1 50  mW/cm2,  laser  irradiation  was  performed  for 
two  30  minutes  duration  separated  by  a  time  interval  of  2  hours.  The  results  are  summarized  in 
Table  l(see  appendix).  It  may  be  noted  that  tumor  regression  was  more  pronounced  with  the 
administration  of  fractionated  doses  of  laser. 

Our  results  so  far  show  that  both  DOD-2  and  photofrin  show  very  similar  response  (see  Figure 
7).  However  the  non  labeled  PS  did  not  show  any  tumor  regression  at  any  of  the  above 
mentioned  laser  powers. 

31P  MR  studies 

Phosphorus  -31  MR  studies  were  performed  using  a  home  built  P  coil  (diameter  1.5  cm,  see 
Figure.  6)  operating  at  121.6  MHz. 

The  31 P  MR  spectra  were  recorded  for  untreated,  PS  alone  administered,  and  PDT  treated 
tumors  and  were  used  as  reference  spectra.  For  each  tumor  that  was  subject  to  PDT  using  one  of 
the  photosensitizers,  a  control  31P  MR  spectrum  was  recorded  followed  by  3IP  spectra  after  PDT. 
Our  results  show  that  the  31P  spectra  recorded  post  PDT  using  either  DOD-1  or  DOD-2  do  not 
show  any  measurable  changes  in  the  first  few  hours.  DOD-6  showed  significant  decrease  in 
ATP  and  increase  in  Pi  peaks.  DOD-8  the  nonfluorinated  analog  also  showed  decrease  in  ATP 
but  was  considerably  less  compared  with  DOD-6.  Photofrin,  on  the  other  hand  has  shown 
measurable  decreases  in  ATP  peaks  and  a  concomitant  increase  in  Pi  (inorganic  phosphate 


•  ?• 
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peaks)  (9-13).  The  spectral  analyses  were  done  using  the  JMRUI  software  (14)  and  a  typical 
spectral  deconvolution  is  shown  below. 


Frequency  (ppml 


Figure  11:  Typical  fit  to  a  tumor  31P  spectrum  performed  using  the  MRUI  program.  The  peak 
assignments  are:  1.  PME,  2.  Pi,  3.  yATP,  4.  aATP  5.  PATP  and  6.  A  hump  arising  mostly  from 
immobile  phosphorus  such  as  bone. 


Although  both  DOD-1  and  DOD-2  did  not  show  any  changes  in  31P  spectra,  tumor  administered 
with  DOD-2  showed  tumor  regression.  We  extended  our  studies  to  ~  4-6  hours.  These  results 
can  provide  more  information  about  the  function  of  the  photosensitizer  and  aid  in  the 
construction  of  more  potent  and  efficient  photosensitizer. 
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Volume  (microliters) 


MR  studies  of  DOD-6  (newly  synthesized  2nd  photosensitizer) 

This  photosensitizer  has  a  strong  absorption  maximum  at  650  nm.  Because  of  the  higher 
wavelength  we  can  expect  better  penetration  in  the  tissue.  We  have  performed  relaxivity 
measurements  using  the  in  vivo  MR  imager  at  7T.  The  Ti  measurements  were  performed  using 
the  saturation  recovery  method  and  the  T2  measurements  were  done  using  the  Hahn  spin  echo 
technique.  The  mean  T i  and  T2  values  are  -250  and  ~  25  ms  respectively. 


The  preliminary  PDT  studies  have  been  performed  using  laser  power  of  150  mW/cm2  and 
photsenitizer  dose  of  10  mg/kg.  Interestingly  the  tumor  regression  was  observed  approximately 
two  days  after  the  initiation  of  the  therapy. 

In  our  laboratory  here  at  Nebraska,  we  have  tested  the  efficacy  of  new  photosensitizers  (DOD-6 
and  DOD-8)  in  the  mouse  tumor  model.  Examples  of  this  is  shown  below  where  the  variation  of 
tumor  volume  with  time  under  PDT  treatments  are  shown  (Figures  12,  13) 


Figure  12  :  Tumor  volumes  under  PDT  using 
DOD-6 


Time  (Hrs) 


Figure  13:  Tumor  volumes  under  PDT  using 
DOD-8 
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Task-4 

Perform  detailed  image  analyses  using  the  standard  software  on  the  P.C.  The  images  are 
transferred  to  a  P.C  with  image  analysis  software.  Average  apparent  diffusion  coefficient 
will  be  measured  following  PDT  and  several  hours  after.  Attempts  will  be  made  to  find 
correlation  between  the  tumor  photosensitizer  levels  with  the  PDT  effects  that  will  be 
demonstrated  via  significant  changes  in  tumor  volumes. 

Relaxivity  Values 

The  tumors  were  investigated  for  the  changes  in  T i  and  T2  values  following  the  therapy.  The 
measurements  were  made  in  four  different  regions  on  the  central  slice  of  2  mm  thick  similar  to 
that  shown  in  Figure  14.  The  mean  T2  values  before  and  within  lhr  after  therapy  were  64.5 
±2.9  ms  and  63.8+2.3  ms  respectively.  Thus  no  changes  were  seen  for  the  T2  values  after  the 
therapy.  The  mean  Ti  values  before  and  after  the  therapy  were  1 828+235  ms  and  2553  ±  63  ms 
respectively  indicating  an  increase  of  40  %(  P=0.004).  The  increase  in  Tt  values  were 
significant  in  all  regions  of  the  tumor  area  chosen  in  this  study.  These  results  are  also  consistent 
with  our  earlier  studies  on  whole  tumors  studied  on  a  4.7T  instrument  (1 5). 

The  detailed  image  analysis  included  the  evaluation  of  apparent  diffusion  coefficients  (ADC) 
from  several  regions  of  interest  from  a  given  image  of  a  slice.  An  example  of  the  image  and  the 
regions  of  interest  chosen  is  provided  below  (see  publication  16  by  the  P.I  and  associates  under 
list  of  references). 

Apparent  Diffusion  Coefficients 

From  the  diffusion  weighted  images  the  ADC’s  in  four  different  regions  of  interest  (ROIs)  were 
obtained.  The  different  ROIs  chosen  from  1mm  thick  mid  slice  of  the  tumor  are  shown  in  Figure 
14.  The  signal  intensities  were  extracted  for  each  ROI  and  ADCs  measured  using  the  Bruker 
Paravision  software  for  diffusion  analysis.  The  standard  deviations  were  recorded  for  the 
selected  regions  of  interest  shown  in  Figure  14.  The  ADC  values  measured  before  therapy  were 
in  the  expected  range  for  the  tumor  type  studied  here. 

Figure  14:  A  diffusion  weighted  axial  image  from  a  central  slice  of  the  tumor  recorded  immediately  following 
PDT.  The  four  regions  of  interest  that  were  considered  in  the  study  are  also  show 


The  control  ADC  values  were  measured  before  the 
induction  of  PDT  in  4  different  regions  in  a  1mm 
axial  image  that  corresponds  to  the  central  slice  of 
the  tumor.  The  volumes  of  the  regions  of  interest 
were  typically  of  the  order  of  6-7  mm3.  Significant 
changes  in  the  ADC  values  for  both  Photofrin®  and 
DOD-6  sensitizers  were  observed  in  the  first  two 
hours  post  PDT.  These  changes  were  more 
concentrated  in  region  4  (see  Figure  14).  An 
increase  in  ADC  was  more  evident  with  DOD-6 
than  with  Photofrin®.  In  some  regions  a  decrease 
in  ADC  was  also  observed.  The  four  regions  of 


interest  in  a  given  slice  that  were  chosen  for  ADC  measurements  along  the  x,  y,  and  z  directions 
led  to  a  total  of  twelve  measurements  of  ADCs  per  slice.  From  the  set  of  12  measured  values,  we 
observed  increases  in  7  values  and  decreases  in  5  for  the  case  of  Photofrin®  and  1 0  increases  and 
2  decreases  for  the  case  of  DOD-6.  The  maximum  increase  in  ADC  was  ~54%  with  Photofrin® 
and  165%  with  DOD-6.  Together  our  studies  demonstrate  that  in  the  time  frame  where  P 
studies  indicate  build  up  of  inorganic  phosphate,  the  different  regions  of  the  tumor  also  undergo 
changes  in  the  diffusion  values  which  are  indicative  of  a  substantial  increase  in  water  diffusivity 
that  may  be  attributable  to  major  cell  loss,  reduced  cell  density,  and  widening  of  extracellular 
space  leading  to  high  water  mobility  (17).  A  decrease  in  ADCs  has  been  attributed  to  possible 
cell  membrane  break  down  that  block  active  ion  and  water  transport  that  lead  to  decline  in  ADC. 
Detailed  bar  graphs  indicating  changes  in  ADC  after  PDT  treatment  are  provided  in  Appendix-A. 


Key  Research  Accomplishments 

•  Using  i9F  MR  spectroscopic  method,  the  entire  pharmacokinetic  profile  of  two  fluorine 
labeled  photosensitizers  were  generated  (  copy  of  the  abstracts,  poster  presented  at  the 
Era  of  Flope  meeting  at  Philadelphia  are  enclosed  in  the  Appendix  B2  and  see 
publication  #  1 8  for  more  details)). 

•  3IP  MR  spectra  of  tumors  were  studied  before  and  after  the  initiation  of  PDT  (see 
publication  #19). 

•  PDT  studies  were  performed  using  laser  light  at  630  nm,  270  joules/cm  energy.  The 
time  point  was  chosen  to  represent  maximum  concentration  of  the  photosensitizer  as 
obtained  from  the  pharmacokinetics  data. 

•  The  photosensitizer  DOD-2  showed  tumor  regression  while  the  nonlabeled  (DOD-1)  did 
not  show  any  tumor  regression.  The  incorporation  of  fluorine  in  the  PS  appears  to  have  a 
positive  effect  on  the  function  of  the  photosensitizer.  Similarly  the  nonlabeled 
photosensitizer  (DOD-8)  showed  less  tumor  regression  than  the  fluorine  labeled  counter 
part  DOD-6.  The  results  demonstrate  the  effect  of  fluorine  on  the  PS  activity  which 
appears  to  enhance  the  PS  activity. 


Reportable  Outcomes 

1.  Abstract  of  the  presentation  made  at  the  ERA  of  HOPE  meeting  held  at  Orlando, 
Florida  during  September  25-28,  2002. 

2.  Abstract  of  the  Talk  to  be  presented  at  the  ESMRMB  meeting  to  be  held  at  Rotterdam, 
Netherlands,  during  September  18-21,  2003. 

3.  Abstract  of  the  talk  presented  at  the  SPIE  international  symposium  held  in  San  Diego, 
Febl5-17,  2004. 

4.  Abstract  of  the  talk  presented  at  the  ESMRMB  meeting  held  at  Denmark,  September  9- 
12,  2004 
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5.  Abstract  of  the  talk  presented  at  the  SPIE  international  symposium  held  in  San  Diego, 
Febl3-15,  2005. 

6.  Abstract  of  the  talk  that  will  be  presented  (upon  acceptance)  at  the  SPIE  international 
symposium  held  in  San  Diego,  Febl3-15,  2006. 

7.  Abstract  of  the  presentation  made  at  the  ERA  of  HOPE  meeting  held  at  Pittsburgh, 
Pennsylvania,  June  8-11,  2005. 

8.  Poster  copy  of  the  presentation  made  at  the  ERA  of  HOPE  meeting  held  at  Pittsburgh, 
Pennsylvania,  June  8-11,  2005. 

9.  A  full  paper  related  to  synthesis  and  in  vivo  fluorine  MR  studies  was  published  in 
Tetrahedron,  a  well  recognized  scientific  journal. 

10.  A  full  paper  in  the  proceedings  of  SPIE  (Medical  imaging),  Volume  5369,  pp  380-386, 
2004. 

1 1.  A  full  paper  in  the  Proceedings  of  SPIE  (Medical  Imaging),  Volume  5746,  16-22,  2005. 

Funding  applied  for  during  the  past  two  years  in  this  or  related  area 

1.  DOD  undergraduate  research  grant-  submitted  in  year  2002.  The  proposal  was  not 
funded.  A  resubmission  was  not  done  as  this  category  of  research  was  not  open  for 
consideration  in  the  year  2003  by  DOD. 

2.  A  grant  application  to  Nebraska  state  was  made  in  the  early  2003  but  was  not  funded. 

3.  A  revised  application  was  resubmitted  in  early  2004.  This  was  not  funded  but  the 
reviewers  suggested  that  the  work  be  done  on  a  breast  tumor  model.  This  pilot  grant  will 
be  will  be  submitted  with  more  data  in  the  year  2006. 

4.  A  grant  proposal  to  NIH/NCI  is  also  being  planned  and  will  be  submitted  in  early  2006. 


Conclusions: 

Our  studies  demonstrate  the  fluorine  labeled  compound  can  be  noninvasively  monitored  in 
the  tumor  and  muscle  by  19F  magnetic  resonance  spectroscopy.  The  31P  spectroscopic  data 
on  tumors  show  that  even  though  the  31P  spectra  after  PDT  do  not  undergo  significant 
changes  the  tumor  shows  regression  (for  studies  on  DOD-1  and  DOD-2  that  were  only 
sparingly  soluble  in  water).  The  changes  in  31P  spectra  were  indeed  seen  in  both  DOD-6  and 
DOD-8  that  is  a  nonfluorine  analog  of  DOD-6.  The  changes  in  ATP  and  Pi  peaks  were  more 

significant  for  DOD-6  and  less  so  in  the  case  of  DOD-8.  The  tumor  growth  charts  showed 
that  DOD-6  leads  to  rapid  tumor  regression  while  DOD-8  shows  much  lower  rate  of 
regression.  Occasionally  we  also  saw  no  regression  at  all  in  the  case  of  DOD-8.  Together,  it 
appears  that  the  nonfluorinated  analogs  of  the  two  fluorine  labeled  photosensitizers  are 
considerably  less  active  compared  to  their  fluorinated  analogs.  The  role  of  fluorine  in 
enhancing  the  PS  activity  will  be  a  different  area  of  research. 


It  is  possible  to  produce  larger  amounts  of  the  labeled  compounds  for  further  detailed  studies 
on  the  distribution  in  the  animal  and  also  in  the  tumor.  The  ability  to  monitor  the  fluorine 
labeled  PS  in  the  animal  model  will  provide  useful  data  before  PDT  is  performed.  In  vivo 
MR  will  be  a  useful  method  in  the  development  of  new  photosensitizers 


Future  Studies  and  Funding 

The  future  studies  will  consider  work  on  both  RIF  and  subsequently  breast  tumor  models. 
The  distribution  of  PS  in  the  entire  mouse  and  further  studies  on  its  distribution  in  the  tumor 
and  muscle  will  be  studied  by  19F  MR.  New  MR  methods  will  be  developed  and  further 
improvements  done  to  study  small  volumes  of  tissue  and  tumor.  Relaxation,  diffusion  and 
imaging  will  be  performed  both  before  and  after  the  PDT  studies.  The  techniques  will 
revolve  around  'H,  i9F,  31P  nuclei.  Incorporation  of  nuclear  overhauser  methods  to  further 
improve  the  signal  to  noise  will  be  considered  for  future  projects  and  grant  proposals  in  the 
coming  years. 
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Appendix-A 


Research  results  Relevant  to  material  reported  here 
(Tables,  Graphs  etc) 


Compounds  Received  from  Roswell  Park  Institute 


Material  sent  to  UNMC  from  RPCI  as  of  10/19/04 

Compound  label  Date  Amount 

DOD  1  July  2002  as  solution  and  solid:  (  methyl,  2(COOH)  ) 

solution  9  ml  at  0.  356  mM 

solid  50  mg 

DOD  2  July  2002  as  solution  and  solid:  (trifluoromethyl,  (2(COOH)) 

solution  9  ml  at  0.  275  mM 

solid:  50  mg 


DOD  4  *  Oct  2002  (first  batch)  40  *Also  labeled  DOD  JM-  4 

Trifluoromethyl  (4 (COOH) ) 


DOD  4  Mar  2004  (second  batch)  28  Sent  May  2004 

DOD  6  Apr.  2003  solution  3.73  mM  (3.1  mg/ml) 

Ce6  derivative (fluorinated) 

Volume  approx  9  ml  Approx  27mg  in  solution 

DOD  6  June  2004  solution  3.73  mM  (3.1  mg/ml) 

Ce6  derivative (fluorinated) 

Volume  approx  9  ml  Approx  27mg  in  solution 


DOD -8 


November  2004 


Appox  6mg  in  solution 


Figure  2:  3,P  spectra  of  mouse  foot  tumor  recorded  before  (upper  trace)  and  after  (lower  trace) 
administration  of  Photosensitizers  :  A)  DOD-6  administered  at  a  dose  of  10  pM/kg  B)  DOD-6 
administered  at  a  dose  of  2.5  pM/kg  C)  DOD-2  administered  at  a  dose  of  10  pM/kg  and  D)  Photofrin 
administered  at  a  dose  of  10  pM/kg  respectively.  The  various  peak  assignments  are:  1)  p-ATP  2)  a-ATP 
3)  y-  ATP  4)  PCr  5)  PDE  6)  Pi  and  7)  PME. 


Table  1 

Tumor  doubling  times*  for  various  PDT  treated  and  untreated  tumors. 


Cage  &  Mouse 

Drug  used 

Tumor  treatment 

C5M1 

DOD1 

PDT  treated 

173.3 

C5M2 

DOD1 

PDT  treated 

115.5 

C5M3 

DOD1 

PDT  treated 

115.5 

C10M1 

DOD2 

PDT  treated 

173.3, 

693.1 

115.5, 

C10M3 

DOD2 

PDT  treated 

231.0 

693.1 

173.3 

C10M5 

DOD2 

PDT  treated 

231.0 

173.3 

C7M3 

None 

untreated 

77.0 

C7M4 

None 

untreated 

69.3 

C8M4 

None 

untreated 

115.5 

C8M1 

Photofrin 

PDT  treated 

173.3 

693.1 

C12M2 

Photofrin 

PDT  treated 

173 

231 

Note:  In  doubling  time  calculation  is  based  on  following  segs. 

C10M1:  segl  (ascending,  March  24-ApriI  17,  03),  seg3  (descending,  April  25-May  5, 

03). 

C10M3:  segl  (ascending,  March  24-April  17,  03),  seg2  (descending,  April  17-21,  03), 
seg3  (ascending,  April  23-May  5,  03). 

C10M5:  segl  (ascending,  March  24-April  24,  03),  seg2(descending,  April  24-30,  03), 
seg3  (ascending,  April  30-May  19,  03). 

C8M1:  segl  (ascending,  Dec.  23,  02  -  Jan.  17,  03),  seg2(descending,  Jan.  20-29,  03),  no 
seg3. 

C12M2:  segl  (ascending,  May  23-June  19,  03),  doubling  time  is  173.3.  If  taking 
all  points  after  peak  (June  19- July  11,  03),  including  peak,  the  doubling  time  (DT) 
is  693.1 .  After  taking  peak  point  and  five  points  following  it  (June  19-June  27, 
03),  DT  is  231. 


*  The  term  “doubling  times”  is  used  to  define  the  increase  or  decrease  in  tumor  volumes. 
The  values  corresponding  to  ascending  or  descending  phases  of  the  tumor  growth  refers 
to  increasing  or  decreasing  volumes  of  the  tumor. 


Table  2 


Tumor  regression  after  PDT  with  DOD1  and  DOD2  photosensitizers 


Cage  & 
Mouse  # 

Drug  used 
and  Dose 

— 

Laser  1 
Power 

Laser  2 
Power 

Remarks 

C5  Ml 

DOD1 

0.35ml 

458.76 

135  Joules 

No  real  tumor 
regression  seen 

C5  M2 

148.82 

135  Joules 

No  real  tumor 
regression  seen 

C5  M3 

487.03 

135  Joules 

No  real  tumor 
regression  seen 

C12M5 

DOD1 

0.7ml  - 

131.78 

270  Joules 

No  real  tumor 
regression  seen 

C13M2 

DOD1 

0.565ml 

65.54 

270  Joules 

270  Joules 

A  little  tumor 
regression  seen 

C13  M4 

DOD1 

0.649ml 

107.86 

270  Joules 

270  Joules 

No  real  tumor 
regression  seen 

C4  M3 

DOD2 

0.43ml 

271.73 

135  Joules 

No  real  tumor 
regression  seen 

C4  M4 

DOD  2 
0.42ml 

245.2 

135  Joules 

No  real  tumor 
regression  seen 

CIO  Ml 

DOD2 

0.96ml 

179.22 

270  Joules 

A  very  slight  tumor 
regression  4  days 
after  irradiation 

CIO  M3 

DOD2 

lOuM 

391.18 

270  Joules 

Some  Tumor 
regression  on  days 

1  -4  after  irradiation 

C01  M4 

DOD2 

0.6ml 

150.37 

135  Joules 

No  real  tumor 
regression  seen 

C10M5 

DOD2 

0.92ml 

106.32 

270  Joules 

270  Joules 

Tumor  regression 
seen  for  8  days 
after  irradiation 

Cll  Ml 

DOD2 

0.84ml 

83.18 

270  Joules 

A  slight  tumor 
regression  3  days 
after  irradiation 

Cll  M2 

DOD2 

0.81ml 

63.38 

270  Joules 

No  real  tumor 
regression  seen 

Cll  M3 

DOD2 

0.60ml 

70.78 

270  Joules 

270  Joules 

Regression  seen  the 
day  after  irradiation 

Table  3 


The  laser  power,  duration  of  irradiation  used  in  our  PDT  studies 


Univ.  # 

Mice  # 

(Cage  #, 
ear  notch  #) 

P.S. 

Admin. 

Date  of 
irradiation 

Duration  Of 
irradiation 

Irradiation 
time  post  PS 
injections 

Power 

used 

Total  incident 
energy  (joules) 

18 

C4  M3 

DOD  2 

.43  ml 

10/10/02 

30  minutes 

24  hours 

75mW 

135 

m 

C4  M4 

10/10/02 

30  minutes 

24  hours 

75mW 

135 

m 

C5  Ml 

DOD  1 
.35  ml 

10/10/02 

30  minutes 

24  hours 

75mW 

135 

C5  M2 

10/10/02 

30  minutes 

24  hours 

75mW 

135 

■ 

C5  M3 

DOD  1 
.33  ml 

10/10/02 

30  minutes 

24  hours 

75mW 

135 

26 

C6  Ml 

Photofrin 

.245  ml 

10/4/02 

1 0  minutes 

24  hours 

225-230 

mW 

135 

27 

C6  M2 

Photofrin 

.235  ml 

10/4/02 

1 0  minutes 

24  hours 

225-230 

mW 

135 

28 

C6  M3 

Photofrin 
.240  ml 

10/4/02 

10  minutes 

24  hours 

225-230 

mW 

135 

29 

C6  M4 

Photofrin 
.265  ml 

10/4/02 

10  minutes 

24  hours 

225-230 

mW 

135 

30 

C6  M5 

Photofrin 
.260  ml 

10/4/02 

10  minutes 

24  hours 

225-230 

mW 

135 

36 

C8  Ml 

Photofrin 

2  5  mg/kg 

1/15/03 

30  minutes 

24  hours 

75mW 

135 

41 

C9  Ml 

DoD2 

3mg 

3/20/03 

30  minutes 

24  hours 

150mW 

135 

44 

C9  M4 

Photofrin 
.24  ml 

3/12/03 

30  minutes 

24  hours 

75  mW 

135 

Diff.  coefficients.  Diff.  coefficients 


* 


Diffusion  Coefficients  for  various  slices  using  PFII  and  DOD- 
6  photosensitizers  in  a  mouse  tumor  model 


Diff.  coefficients.  (  x)  in  ROI-3  of  C19M1 
. Photofrin 


Slice  Number 


Diff.  coeff.  (x)  in  ROI  4  of  C19M1 


Before  PD 


Slice  Number 
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BASED  PHOTOSENSITIZERS  FOR  IN  VIVO 
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In  vivo  MR  spectroscopy  has  been  used  increasingly  to  monitor  metabolism  and  disease 
states  in  humans.  Both  magnetic  resonance  imaging  and  spectroscopy  have  evolved  into 
sophisticated  diagnostic  techniques.  In  addition  to  the  proton,  nuclei  such  as  fluorine  can  be 
studied  by  in  vivo  spectroscopy  and  imaging.  Fluorine- 19  NMR  is  a  technique  with 
significant  potential  because  of  the  relatively  high  sensitivity  and  low  endogenous 
background.  Fluorine- 1 9  MR  has  been  used  to  study  metabolism,  tumor  growth,  and  blood 
flow.  MR  of  fluorinated  compound  is  particularly  attractive  for  in  vivo  studies  of  human 
and  animal  models.  The  F-19  isotope  has  a  100%  natural  abundance,  a  spin  of  1/2,  and  an 
MR  sensitivity  that  is  83%  that  of  hydrogen. 

To  date,  most  of  the  fluorinated  porphyrin-based  analogs  synthesized  for  in-vivo  F-19  NMR 
studies  have  been  unsymmetrical,  and  thus  lead  to  signal  dispersion.  In  order  to  have  strong 
fluorine  signal  at  a  low  concentration  of  the  drug  in  tumor,  it  is  necessary  to  have 
photosensitizers  containing  multiple  fluorine  units.  It  would  be  advantageous  to  have  a 
center  of  symmetry  in  the  fluorinated  photosensitizer  that  will  render  the  fluorine  nuclei  to 
be  equivalent  and  provide  signal  addition  of  all  equivalent  nuclei.  We  have  succeeded  in 
synthesizing  porphyrins  containing  six  to  12  symmetrical  fluorines.  These  compounds  were 
prepared  in  multi-step  syntheses.  The  structures  were  confirmed  by  NMR,  mass 
spectrometry  and  elemental  analyses.  The  symmetry  of  the  fluorines  was  confirmed  by  F- 
19  NMR  studies.  Compared  to  the  non- fluorinated  analogs,  the  fluorinated  porphyrins 
showed  enhanced  singlet  oxygen  producing  efficiency. 

The  in-vitro  photosensitizing  efficacy  of  the  fluorinated  porphyrins  was  investigated  in  RIF 
tumors  at  various  doses  and  showed  promising  activity.  The  synthesis,  photophysical 
characteristics  and  in-vitro  photosensitizing  results  of  the  newly  synthesized  fluorinated 
porphyin-based  compounds  will  be  discussed. 


The  U.S.  Army  Medical  Research  and  Materiel  Command  under  DAMD 17-99- 1-9065  supported  this  work. 
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In  Vivo  19F  MR  Studies  of  Fluorine  Labeled  Photosensitizer  in  Murine  Tumor 
Model 
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Introduction 

Photodynamic  therapy  (PDT)  is  a  cancer  treatment  modality  that  combines  light  sensitive 
drug  and  lasers  [I],  Monitoring  the  photosensitizer  (PS)  in  the  tumor  and  in  normal  tissue 
is  helpful  in  the  development  of  new  photosensitizers.  Syntheses  of  labeled 
photosensitizer  that  can  be  monitored  by  MR  studies  offer  the  advantage  of  noninvasive 
assessment  of  the  photosensitizer  in  a  single  subject  [2].  The  assessment  of  the  same  in 
the  skin  and  underlying  muscle  may  provide  information  about  the  cutaneous  toxicity  of 
PS.  In  this  work  we  present  the  construction  of  pharmacokinetic  profile  of  a  new 
photosensitizer  in  a  tumor  model  and  its  utility  in  PDT  studies. 

Methods 

The  Radiation  induced  fibrosarcoma  (RIF)  cells  were  maintained  according  to  the 
protocol  of  Twentyman  et  al  [3].  Tumors  were  grown  on  mouse  foot  dorsum  by 
inoculating  2xl(r  cells.  The  photosensitizer  was  administered  IP  ( ~100pM).  I9F  MR 
spectra  were  collected  on  a  Bruker  7T  instrument  using  a  home  built  surface  coil.  The 
19F  MR  spectral  parameters  included  a  90°  pulse  of  16jis,  a  spectral  width  of  20  KHz, 

8K  data  points,  and  a  2s  repetition  time  for  a  total  accumulation  time  of  30  minutes. 

PDT  measurements  were  performed  at  630  nm  with  an  argon  ion  (Spectra  physics  model 
2045)  pumped  dye  laser  (Spectra  Physics,  375B).  Laser  irradiation  was  done  for  30 
minutes  at  a  power  of  150  mW  cm  2  leading  to  a  total  light  dose  of  270  J  cm'2. 

Results 

In  this  presentation  we  report  the  results  obtained  using  a  newly  synthesized  water 

soluble  form  of  fluorine  labled 
photosensitizer  which  was  monitored  in 
mouse  tumor  model  over  time.  The 
measured  relaxation  times  in  the  solution 
were  924±38  ms  for  Ti  and  150±2  ms  for 
T2  and  were  used  to  optimize  of  tumor 
spectra.  The  Pharmaco-  kinetic  profile  of 
PS  in  tumor  model  was  constructed  using 
three  tumors  (Figure  1).  Based  on  this 
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profile  PDT  was  performed  at  time  points  2hr,  4hr  and  24  hrs  post  drug  administration. 

Conclusions: 

MR  studies  can  provide  quantitative  data  on  photosensitizer  in  tumor  and  a  rational  basis 
for  PDT  initiation.  PDT  studies  done  at  2hrs  post  PS  administration  led  to  tumor 
regression  between  days  2-4. 
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Monitoring  PDT  Effects  in  Murine  Tumors  by  Spectroscopic  and 

Imaging  Techniques 
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The  changes  in  the  tumor  that  occur  following  photodynamic  therapy  (PDT),  a  cancer 
treatment  modality,  were  studied  using  a  small  animal  MR  imager  operating  at  7Tesla. 
The  animal  model  used  in  these  studies  was  mice  implanted  with  radiation  -induced 
fibrosarcoma  (RIF).  The  tumor  bearing  mice  were  injected  with  lOpM/kg  of  one  of  the 
three  photosensitizers:  1)  Photofrin  2)  Fluorine  labeled  photosensitizer  and  3)  Non- 
labeled  analog  of  the  fluorine  labeled  sensitizer.  Laser  light  at  630  nm  (150  mW/cm2, 

270  joules/  cm2)  was  delivered  to  the  tumor  at  2-24  hours  of  photosensitizer 
administration.  The  MR  spectroscopic  and  imaging  examination  of  the  tumors  involved 
both  the  H  and  P  nuclei.  The  tumor  bioenergetics  was  measured  by  P  spectroscopy. 
The  water  proton  relaxivity  and  diffusion  measurements  are  used  to  obtain  local  changes 
in  different  regions  of  the  tumor. 

Significant  changes  in  31P  MR  spectra  were  observed  using  photofrin  while  no 
statistically  significant  changes  were  observed  when  the  fluorine  labeled  or  its  non 
labeled  analogs  were  used.  The  PDT  induced  changes  in  tumor  volumes  (as  measured  by 
calipers)  showed  significant  tumor  regression  with  photofrin  followed  by  moderate 
regression  with  the  fluorine  labeled  PS  and  no  regression  with  the  non  labeled  PS.  The 
growth  pattern  of  tumors  using  nonlabeled  photosensitizers  followed  the  general  pattern 
of  unperturbed  tumors.  The  possible  relationship  between  the  function  of  these  sensitizers 
and  the  various  MR  derived  parameters  that  characterize  the  tumor  status  will  be 
discussed. 
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Introduction 

Photodynamic  therapy  (PDT)  is  a  cancer  treatment  modality  that  combines  light  sensitive  drug  and  lasers  [1],  PDT  is  most  beneficial 
when  laser  light  is  delivered  at  a  time  when  the  photosensitizer  is  greater  in  the  tumor  than  the  surrounding  normal  tissue.  Monitoring 
the  photosensitizer  (PS)  in  the  tumor  and  in  normal  tissue  is  helpful  in  the  development  of  new  photosensitizers.  The  assessment  of 
the  PS  in  the  skin  and  underlying  muscle  has  the  potential  to  provide  information  about  the  cutaneous  toxicity.  Syntheses  of 
photosensitizers  labeled  with  an  NMR  observable  nucleus,  such  as  Fluorine- 19,  offer  the  advantage  of  nonin  vasive  assessment  of  the 
photosensitizer  concentration  in  a  living  subject  [2].  In  this  work  we  present  the  construction  of  pharmacokinetic  profiles  of  two  new 
photosensitizers  in  the  tumor  and  muscle  and  their  utility  in  PDT  studies.  The  structures  of  the  two  photosensitizers  are  shown  in 
Figure  1.  The  details  of  the  synthesis  and  subsequent  confirmation  of  the  structures  have  been  recently  published  [3],  Here  we  report 
the  in  vivo  results  obtained  using  new  fluorine  labeled  photosensitizers  that  were  monitored  in  tumor  bearing  mice. 

Figure  1 

Methods 

Tumor  model.  The  Radiation  induced  fibrosarcoma  (RIF)  cells 
were  maintained  according  to  the  protocol  of  Twentyman  et  al 
[4].  Tumors  were  grown  on  mouse  foot  dorsum  by  inoculating 
2x1 05  fresh  cells.  A  total  of  12  animals  were  studied  here. 

Laser  and  Delivery  system:  An  argon  ion  (Spectra  physics 
model  2017)  pumped  dye  laser  (Spectra  Physics,  375B)  was 
used.  PDT  measurements  were  performed  at  630  nm  for 
sensitizer  1  and  at  650  nm  for  sensitizer  2.  Laser  irradiation  was 
done  for  30  minutes  at  a  power  of  150  mW  cm'2  leading  to  a 
total  light  dose  of  270  J  cm'2.  Fractionated  laser  irradiation  was 
also  employed  in  some  studies. 

In  vivo  MR  and  PDT  studies:  In  vivo  MR  and  PDT 
measurements  were  performed  under  mild  anesthesia  maintained 
by  1%  isoflurane  mixed  with  Nitrous  oxide  and  Oxygen  in  70:30 
ratio.  The  photosensitizer  was  administered  IP  (~100pM).  I9F  MR  spectra  were  collected  on  a  Bruker  7T  instrument  using  a  home 
built  surface  coil.  The  l9F  MR  spectral  parameters  included  an  RF  pulse  of  16ps,  a  spectral  width  of  20  KHz,  8K  data  points,  and  a 
2s  repetition  time  for  a  total  accumulation  time  of  30  minutes.  The  magnetic  field  homogeneity  was  optimized  for  each  tumor  by 
shimming  on  the  water  proton  signal.  The  in  vivo  l9F  signal  was  compared  with  the  signal  from  a  phantom  of  known  concentration  to 
quantify  the  photosensitizer  in  the  tumor.  These  values  were  used  to  construct  the  profiles  for  the  tumor  and  the  muscle.  Figure  2 
shows  the  data  for  compound  1.  The  data  for  compound  could  be  obtained  on  the  muscle  but  not  on  foot  tumors  indicating  compound 
2  is  less  sensitive  to  detection  in  the  tumor  due  to  less  number  of  fluorines  in  the  molecule  and  small  size  of  the  tumors  studied. 
Alternatively  the  accumulation  of  the  PS  in  the  tumor  may  be  significantly  low  compared  to  that  in  the  muscle. 

Results 

The  mean  values  of  relaxation  times  for  compound  1  in  the  solution  were  924+38  ms  for  T] 
and  150+2  ms  for  T2.  Similarly  for  compound  2  the  mean  values  were  250and  25  ms 
respectively.  These  values  were  used  in  the  optimization  of  tumor  l9F  spectra.  The  signals  from 
the  labeled  sensitizers  were  found  to  be  broad  with  mean  line  widths  at  404+176  and  481+150 
Hz  for  1  and  2  respectively.  The  Pharmacokinetic  profile  of  PS  1  in  tumor  model  was 
constructed  using  three  tumors  (Figure  2).  Based  on  this  profile,  PDT  was  performed  at  2,  4  or 
24  hrs  post  drug  administration.  The  PDT  studies  performed  at  2  and  4  hours  led  to  tumor 
regression  while  that  done  at  24  hrs  did  not  show  any  tumor  regression.  These  data  are  in 
accordance  with  the  pharmacokinetics  of  compound  1  shown  in  Figure  2.  While  using 
compound  2,  laser  irradiation  was  done  at  24  hrs  post  drug  administration  and  there  was 
significant  tumor  regression  following  PDT. 

Conclusions 

MR  studies  can  provide  quantitative  data  on  photosensitizer  in  tumor  and  a  rational  basis  for 
PDT  initiation.  PDT  studies  designed  using  the  pharmacokinetic  data  showed  significant  tumor  regression. 
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Introduction 

Photodynamic  therapy  (PDT)  is  a  novel  cancer  treatment  modality  in  which  the  drug  action  is 
locally  controlled  by  light  (1).  Development  of  new  photosensitizers  (PS)  for  clinical 
applications  needs  to  minimize  dark  cytotoxicity  while  maximizing  the  PDT  effects  in  the  tumor. 
Here  we  report  the  observation  of  dark  toxicity  of  PS  by  in  vivo  3IP  MR  and  discuss  their  utility 
in  the  development  of  new  photosensitizers. 

Methods 

The  Radiation  induced  Fibrosarcoma  (RIF)  cells  were  maintained  according  to  the  protocol  of 
Twentyman  et  al  (2).  Tumors  were  grown  on  mouse  foot  dorsum  by  inoculating  2xl05  cells 
Male  C3H/HeJ  mice  bearing  foot  tumors  (N=9)  in  the  volume  range  of  200-300p  were  used  in 
this  study.  Two  new  water  soluble  photosensitizers  (3)  were  tested  for  dark  toxicity  and  tumor 
growth  monitored  over  3-4  weeks.  Of  the  two  photosensitizers  used  in  this  study  one  was  a 
porphyrin  derivative  (DOD-4)  and  the  other  was  a  chlorin  derivative  (DOD-6).  The  PS 
administered  was  in  the  dose  range  of  2.5-10pM/kg.  31P  spectra  from  the  foot  tumor  were 
collected  on  Bruker  7  tesla  animal  imager  and  analyzed  using  the  JMRUI  software  (4) 

Results 

Both  DOD-4  and  DOD-6  showed  significant  increase  in  inorganic  phosphate  (Pi)  resonance  in 
the  first  2  hours  post  drug  administration.  Representative  spectra  for  DOD-6  are  shown  in  Figure 
1.  Studies  performed  between  5-24  hours 
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3,  y-ATP 


0 1  9  m 
Figure  1:  P  spectra  of  mouse  foot  tumor  before(  A)  and  after  (B)  administering  DOD-6. 


showed  characteristics  of  control  spectra  recorded  before  drug  injection.  When  photofrin  was 
administered  at  similar  doses,  no  significant  changes  were  seen  in  3IP  MR  spectra  indicating 
minimal  dark  toxicity  for  Photofrin. 

Discussion 

The  studies  on  tumors  using  the  new  Photosensitizers  demonstrate  that  dark  toxicity  can  be 
observed  by  3IP  MR.  The  tumor  volumes  monitored  over  several  days  did  not  show  any  tumor 
shrinkage  as  observed  in  PDT  induced  cytotoxicity.  Although  dark  toxicity  was  shown  by  the 
two  new  PS,  it  was  not  strong  enough  to  interfere  with  the  normal  tumor  growth.  Our  study 
provides  information  on  dark  toxicity  of  a  PS  in  an  in  vivo  model  and  hence  provides  a  complete 
picture  than  those  on  cell  lines. 
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SUMMARY 

Photodynamic  therapy  (PDT)  is  a  novel  cancer  treatment  modality  where  the  therapeutic  action  is 
controlled  by  light  and  the  potency  of  the  photosensitizer  used.  Development  of  new  potent 
photosensitizers  (PS)  for  clinical  applications  requires  that  the  PDT  effects  are  maximized  while 
minimizing  dark  cytotoxicity.  The  dark  toxicity  of  photosensitizers  is  generally  confirmed  using  cell  lines. 
Photososensitizers  that  appear  promising  from  in  vitro  assays  need  further  investigations  under  in  vivo 
conditions.  As  in  vivo  MR  methods  have  the  potential  to  provide  information  on  the  tumor  status,  they  can 
be  very  effective  tools  to  study  dark  toxicity  of  tumors. 

The  tumor  produced  on  the  mouse  foot  dorsum  was  tested  on  two  newly  synthesized  photosensitizers  along 
with  Photofrin  as  a  control.  The  MR  studies  consisted  of  serial  31P  spectral  measurements  both  before  and 
after  PS  injection.  The  results  show  significant  changes  in  the  tumor  metabolism  with  increased  inorganic 
phosphate  while  using  new  photosensitizers.  However  these  changes  slowly  approached  control  levels 
several  hours  later.  The  studies  performed  while  using  Photofrin  did  not  show  any  significant  changes 
indicating  minimal  or  no  dark  cytotoxicity.  Similar  studies  performed  on  normal  tissue  such  as  the  muscle 
indicated  that  the  energy  metabolism  was  minimally  compromised. 

Our  studies  demonstrate  that  the  effects  of  dark  cytotoxicity  can  be  observed  by  31P  MR.  The  growth 
profiles  of  tumors  treated  with  PS  alone  indicate  that  the  metabolic  changes  are  temporary  and  do  not 
interfere  with  the  tumor  growth.  The  studies  suggest  that  MR  is  a  new  method  of  monitoring  the  effect  of 
PS  administered  toxicity  in  an  in  vivo  model. 
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Background  and  Objective:  The  purpose  of  these  studies  was  to  investigate  by  magnetic 
resonance  techniques  the  accumulation  of  fluorine  labeled  photosensitizers  (PS)  in  tumor  and 
normal  tissue  in  mice  bearing  RIF  tumors.  Additionally  we  demonstrate  that  MR  can  be  used  to 
study  the  effects  of  PS  alone  as  well  as  those  from  Photodynamic  therapy. 

Methods:  RIF  tumors  were  grown  on  mouse  foot  dorsum  by  inoculating  2xl05  fresh  cells.  An 
Argon  ion  (spectra  physics  model  2017)  pumped  dye  laser  (spectra  physics  375B)  was  used  to 
deliver  laser  light. 

In  vivo  MR  and  PDT  studies  were  performed  under  mild  anesthesia  by  using  1%  isoflurane 
mixed  with  N2O  and  O2  in  70:30  ratio. 

Results:  The  Ti  and  T2  relaxation  times  of  the  two  photosensitizers  were  measured  in  solution. 
For  porphyrin  PS  the  values  were  924±38  and  150±2  ms  (n=3),  while  for  the  chlorin  based  PS 
the  values  wee  250  and  25  ms  respectively  (n=l).  The  line  widths  of  19F  signals  in  the  tumor 
were  in  the  neighborhood  of  400Hz. 

The  results  from  P  studies  monitored  over  several  hours  (0-26)  suggested  that  dark  toxicity  was 
present  for  both  the  photosensitizers  when  administered  at  or  above  5pM  concentration.  A 
decrease  in  ATP  and  an  increase  in  inorganic  phosphate  were  observed  for  several  hours  after  PS 
administration.  These  effects  were  very  little  or  none  at  8-24  hrs  post  PS  administration. 

The  PDT  studies  were  initiated  at  several  time  points  post  PS  administration.  The  19F 
pharmacokinetic  data  was  used  as  a  guide  in  the  design  of  PDT  studies.  The  PDT  results  showed 
significantly  higher  decease  in  ATP  and  increase  in  Pi  peaks.  The  tumor  volumes  measured 
before  and  after  the  PDT  clearly  showed  significant  tumor  regression. 

Conclusions:  The  multinuclear  MR  methods  provide  quantitative  data  on  PS  in  the  tumor  and 
allow  us  to  noninvasively  follow  the  PS  and  their  effects  when  administered  alone  or  with  laser 
to  initiate  PDT.  This  line  of  research  has  a  high  potential  to  treat  and  follow  the  patient 
noninvasively  when  labeled  photosensitizers  are  used. 
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ABSTRACT 

Photodynamic  therapy  (PDT)  is  a  novel  cancer  treatment  modality  where  the  therapeutic  action  is 
controlled  by  light  and  the  potency  of  the  photosensitizer  used.  Development  of  new  potent 
photosensitizers  (PS)  requires  PDT  effects  are  maximized  for  the  tumor  while  minimizing  its  effects  on  the 
surrounding  normal  tissue.  We  are  currently  investigating  effects  of  PDT  on  the  tumor  and  normal  tissue 
using  photofrin  and  the  newly  developed  fluorine  labeled  photosensitizers.  As  an  initial  part  of  the  overall 
study  we  have  used  3IP  MR  spectroscopy  to  gain  insight  into  biochemical  mechanisms  that  underlie  cell 
death  caused  by  PDT.  Magnetic  resonance  experiments  were  performed  on  tumor  bearing  mice  to  evaluate 
photosensitizer  effects  in  the  absence  and  presence  of  laser  irradiation  at  appropriate  wavelength.  The  MR 
studies  consisted  of  serial  31P  spectral  measurements  both  before  and  after  PS  injection  or  PDT  initiation 
as  the  case  may  be.  Metabolic  differences  were  seen  in  3,P  spectra  following  PDT  treatment.  These 
differences  include  reductions  in  phosphocreatine  and  changes  in  phosphodiester  levels.  These  results  will 
be  further  examined  in  the  light  of  'H  relaxation  measurements  and  imaging  studies. 

Our  studies  demonstrate  that  the  effects  of  PDT  on  normal  tissue  can  be  observed  by  3IP  MR.  The  studies 
suggest  that  MR  is  a  noninvasive  method  of  monitoring  the  effects  of  PDT  on  the  normal  tissue  and 
subsequent  recovery  thereafter  in  an  in  vivo  model. 
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Abstract— For  in  vivo  NMR  studies,  starting  from  pyrroles,  a  series  of  Suorinated  porphyrins  were  synthesized  by  following  the 
reaction  conditions.  Upon  reaction  wiih  osmium  tetrawde,  a  fruorinated  porphyrin  containing  four  trifluoromethyl  groups  (12  fluorine  units) 
was  converted  into  the  related  chiorin  and  bacieriochloriu  which  exhibited  long- wavelength  absorptions  at  652  and 720  um.  respectively  All 
compounds  produced  good  singlet  oxygen  production  efficiency.  A  comparative  study  of  nine  porphyrins  with  and  without  fluorine 
subsoruencs  indicated  no  adverse  effects  of  the  presence  of  flnorinaxed  groups  in  the  photophysical  properties  of  the  porphyrins,  rM™y  „ 
baccenochlorins.  The  first  and  second  one-electron  reduction  potentials  (vs  SCE)  of  the  investigated  compounds  range  between  -1229  and 
-1.49  V  and  between  -L66  and  -1.84V  in  PhCN  con  Grilling  0.1  M  TRAP.  UV-visible  specaoelectrochemical  dam  suggested  the 
formation  of  tr-anion  and  sr-carion  radicals  upon  the  first  reduction,  and  first  oxidation.  The  in  vivo  MR  study  of  a  representative  fluorine 

labeled  compound  with  twelve  equivalent  fluorines  confirmed  the  presence  of  tile  fluorine  labeled  in  mouse  (C3E/HcJ) 

with  RIF  armors  on  mouse  foot  dorsum  by'  inoculating  2X10*  cells  (the  studies  were  repeated  on  four  turned  mWm  mr,*™  the  rjZjyy: 
•and  reprodndbilicy).  All  fluorinited  compounds  were  found  to  be  quite  effective  in  vino,  fo  a  comparative  jonweiiniarw^i™™, 
with  Rhodamme-123  in  RIF.  tumor  cells,  the  most  soluble  porphyrin  containing  two  propionic  ester  side  was  found  to  i 

mitochondria,  as  well  aa  the  related  chiorin  and  bacteriochlorin. 

©  2003  Elsevier  Ltd.  All  rights  reserved.  • 


1.  Introduction 

Photodynamic  therapy  (PUT)  is  now  a  well  recognized 
modality  that  has  been  used  both  independently  and  in 
conjunction  with  otter  cancer  treatments.1  Combining  the 
use  of  a  light-sensitive  drug,  lasers  and  fiber-optic  probes. 
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PDT  has  emerged  as  one  of  the  promising  strategies  in 
cancer  treatment.  In  this  therapy,  patients  •  are  given 
intravenous  injections  of  a  drug  that  accumulates  in  cancer 
cells  in  much  higher  concentrations  than  in  norvnet 
^•aser  light  with  an  appropriate  wavelength  delivered  by 
fiber  optics  to  these  tumor  sites  produces  highly  reactive 
oxygen  species  (e.  g.  kDj)  that  destroy  the  mmnr  cells.2 
Therefore,  for  a  drug  to  be  effective,  it  is  necessary  ihat  the 
compound  be  in  high  concentration  in  tumor  rylt.a  PDT  is 
most  beneficial  when  laser  light  is  delivered’ at  a  time  point 
when  the  photosensitizer’j  concentration  is  greater  in  the' 
tamer  than  in  the  surrounding  tissue.  Tints,  a  comprehensive 
knowledge  of  the  extent  of  localization  and  the  rate 
of  accumulation  is  of  immense  value.  While  the 
pboto  sensitizer's  concentration  in  tissue  may  be  determined 
by  chemical  extraction  techniques,  -these  methods  are 
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invasive,  time  consuming,  and  clinically  non-feas&le.  In 
contrast,  in  vivo  NMR  is  minimally  invasive,  considered 
safe,  and  the  therapy  can  be  monitored  over  time  in  a  single 
living  system.3 

In  vivo  MR  spectroscopy  has  been  used  increasingly  to 
monitor  metabolism  and  disease  states  in  humans.  Both 
'magnetic  resonance  imaging  and  spectroscopy  have  evolved 
Into  sophisticated  diagnostic  techniques.  In  addition  to  the 
proton,  nuclei  such  as  fluorine4  can  be  studied  by  in  vivo 
spectroscopy  and  imaging.  Fluorine- 19  (19F)  NMR  is  a 
technique  with  significant  potential  because  of  the  relatively 
high  sensitivity  and  low  endogenous  background.  Due  in 
part  to  its  high  MR  sensitivity,  fluorine  has  received 
considerable  attention  as  an  MR  nucleus.  Fluorine- 19  MR 
has  been  used  to  study  metabolism,  tumor  growth,  and  blood 
flow.5  More  recently,  in  vivo  ,9F  MR  has  been  used  to 
measure  tumor  integrity  and  vasculature  in  subcutaneously 
implanted  tumors  in  rats.5  MR  of  fluorinated  compounds  is 
particularly  attractive  for  in  vivo  studies  of  human  and 
animal  models.  The  19F  isotope  has  a  100%  natural 
abundance,  a  spin  of  1/2,  and  a  MR  sensitivity  that  is  83% 
then  that  of  hydrogen.7 

To  date,  most  of  the  fluorinated  porphyrin-based  analogs 
synthesized  for  in  vivo  19F  NMR  studies  have  been 
unsymmgTrir.il,*  and  thus  lead  to  signal  dispersion.  In 
order  to  have  a  strong  fluorine  signal  at  a  low  concentration 


of  the  drug  in  tumors,  it  is  necessary  to  have  photosensi- 
tizeis  containing  multiple  fluorine  units.  It  would  be 
advantageous  to  have  a  photosensitizer  with  equivalent 
fluorine  substituents  that  will  render  signal  addition  of  all 
equivalent  nuclei. 

In  this  manuscript  we  report  the  synthesis  of  a  series  of 
fluorinated  and  the  corresponding  non-fluorinated  por¬ 
phyrin-based  compounds,  the  effect  of  the  substituents  on 
their  photophysical  and  electrochemical  characteristics, 
their  intracellular  localization  and  their  in  vitro  photo¬ 
sensitizing  efficacy. 


2.  Results  and  discussion 

2 X  Chemistry 

For  the  synthesis  of  porphyrin-based  fluorinated  photo¬ 
sensitizes  our  synthetic  strategy,  was  divided  into  two 
parts.  These  were  the  (a)  synthesis  of  porphyrins  1  and 
2  containing  symmetrical  trifluoromethyl  groups  (total 
fluorine:  6)  introduced  at  the  mtta- or  pora-po  sition(s)  of 
the  phenyl  ring  and  (b)  porphyrins  3  and  4  bearing 
symmetrical  trifluoromethyl  groups  introduced  at  the  3 
and  5-positions  (total  fluorine:  12)  of  the  phenyl  ring 
present  at  the  mejo-position  of  the  porphyrin  ring  system 
(see  Chart  1). 
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;CH2OK); 

KCH  * 

6.  R  =  p-melhcxypher.y)  a  C  9'  R  *  P-methcxyphenyl.  R  i  ~  H 

7.  R  =  m-m  ethoxy  phenyl  V 10.  R  *^methoxy  phenyl.  R,  =  CHO 

a.  R  =  3, 5-dlmethoxy  phenyl  af  11  R  =  m-methcxyphenyl.  R,  *  H 

*•  12.  R  =  m-methoxyphenyl,  R,  s  CHO 

13.  R  =  3,5-dImethoxy  phenyl,  R,  =  H 

14.  R  =  3,5-aimethoxyphenyl,  R ,  a  CHO 

(a  =  POCj/DMF) 


19  20 

f^’sCHjCHjCOjMe 

Scheme  1. 


Porphyrins  1-4  were  synthesized  from  pyrroles  5, 9  1510  or 
19n  by  following  the  well  established  ‘2+2*  reaction 
approach12  (see  Scheme  1).  In  brief,  reactions  of  pyrrole  5 
with  p-,  m-  or  3',5'-dimethoxyphenyl  aldehyde  under  acidic 
reaction  conditions  produced  the  corresponding  drpyrro- 
methancs  6,  7  and  8  in  60-80%  yield,  which  on  refluxing 
with  ethylene  glycol/KOH  gave  the  related  ac-free  dipyrro- 
methanes  9, 11  and  13,  respectively  in  >85%  yield.  Further 
reaction  of  these  dipyrrome thanes  with  POQj/DMF  under 
Vilsmeier’s  reaction  conditions13  produced  the  correspond* 
mg  diformyl  dipyrrome  thanes  10,  12  and  14  in  excellent 
yields  (>75%).  For  the  preparation  of  dipyrromeihane  17, 
pyrrole  15  was  first  converted  into  the  acetoxy  derivative  16, 
which  on  treating  with  K-10  clay14  in  dichloromethane  at 
room  temperature  gave  the  desired  dipyrrome  thane  in 
70%  overall  yield.  Reaction  of  pyrrole  19  with  bromine/ 
methanol15  gave  the  corresponding  dipyrrome  thane  20  in 
72%  yield.  Hydrogenation  of  dipyrromediane  17  and  20  in 
presence  of  Pd/C  at  room  temperature  produced'  the' 
corresponding  carboxylic  adds  1$  and  21  in  quantitative 
yields.  "  * 

Difonnyldipyrromethanes  10,  12  and.  14  were  then  indi? 
vi dually  reacted  with  dipyiromethane  dicarboxyiic  add  18 
under  McDonald  reaction  conditions.12  After  purification 


porphyrins  22-24  were  isolated  in  modest  yield.  By 
following  a  similar  approach,  pyrrome thane  14  was  also 
reacted  with  pyrromethane  dicarboxyiic  add  21,  and 
porphyrin  25  was  obtained  in  38%  yield.  For  the  preparation 
of  the  finorinated  analogs,  porphyrins  22-25  containing 
mefhoxy  groups  in  the  phenyl  rings  were  reacted  with  boron 
tribromide  and  the  related  hydroxyphenyl  porphyrins  26—29 
were  obtained  in  70-77%  yields.  Further  reaction  of  these 
porphyrins  with  3 J -trifluoromethylbenzyl  bromide  pro¬ 
duced  the  desired  fluoridated  porphyrins  1-4  in  modest 
yield  (Scheme  2).  Reaction  of  29  with  3^-dimethylbenzyl 
bromide  produced  the  non-fluorinared  porphyrin  4a  in 
good  yield.  The  structures  of  the  intermediates  and  the 
final  products  were  confirmed  by  *H,  NMR,  mass 
spectrometry  and  elemental  analyses. 

Among  the  finorinated  porphyrins  1-4,  compound  4. 
containing  two  propionic  ester  functionalities  at  the  bottom 
half  of  the  molecule  showed  enhanced  solubility  compared 
to  those  containing  alkyl  groups  in  1%  Tween  80/water 
formulation  as  well  as  improved  in  vitro  photosensitizing 
efficacy  in  comparison  to  the  other  analogues.  Therefore,  for 
investigating  the  photosensitizing  effect/s)  of  finorinated 
groups  in  long-wavelength  Absorbing  compounds,  por¬ 
phyrin  4  was  reacted  with  osmium  tettoxide  (OsO*)  and 
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XL  R,  ■  Rj  a  H.  Rj*  OCHj.  R,  *  CjH* 

23.  R,  a  R,  «  H.  Rj«  OCHj.  R*  =*  CjHs 

24. R1  =  R3  =  OCH3.R2»H  R,  =  cils 

25.  R,  «  R3  =  OCHj,  Rj-HR’P" 


26.  R,  =  Rj  =  K  Rj3  OH,  R«  a  C,HS 

27.  R,  a  Rj  a  H,  Rj »  OH,  R«  *  CjHj 

28.  R,  ■  Rj  »  OH,  Rja  H  R,  s  CjH, 

29.  R,  »  R3  =  CH  Rj  =  H  R*  =>  P6* 


1.  R,  a  Rj  =  H,  «2  =  OX  R*  -  CjHs 
Z  R,  -  Rj  =  H,  R,  a  OX,  R*  »  C3H5 


X  R,  »  Rj  *  ox  R2  *  H.  R,  ==  C,H, 

4.  R,  =  Rj  =  OX  3j  =  H.  Ft*  *  p«« 

4a  R,  =Rj  =  OY.  Rj  -  K  R,  «  CHjCHjCOjCHj 


(X=  3.5-triJuorGmettryibenzyf] 
[Y  »  3,5-fSn'*ihyl>-S0nzvH 

Scheme  X 


P*4*- CHjCHjCOjCHj 


Scheme  3. 


the  corresponding  vic-dihydroxy  chlorin  30  (Aa,„:  648  am) 
and  tetra-hydroxy-bactetiochlorin.  31  (as  an  isomeric 
mixture,  A — :  716  nm)  were  synthesized.  The  relative 
yields  of  31  and  32  were  found  to  depend  on  the  amount  of 
0s04  used  (Scheme  3). 

As  expected,  the  I9F  NMR  spectra  of  all  the  fluorinated 
porphyrins  1-4  exhibited  a  single  peak  at  S  13.0  ppm, 
whereas  chlorin  30  and  bacteriochlorin  31  showed  two 


TriTiTi  1  1  1  f»Tn  1 1  1  rryn  1  1  |  1  1  1-1  |  1  11  1  |  1  1  1  i| 

30  .25  20  IS  10  5  0  -5 

PPM 

Figure  i.  In  vivo  F-19  NMR  spectrum  of  compound  4  obttmed  from  a  RIF 
tumor  implanted  in  a  C3H/HeI  mouse  foot  dorsum  in  one  of  the  hin4  legs 


peaks  with  equal  intensity  at  12.98  and  12.99  ppm, 
reflectively. 

2*2.  In  vivo  MR  spectral  characteristics 

A  typical  1JF  MR  spectrum  of  the  fluorinated  photo¬ 
sensitizer  recorded  on  a  7T  animal  imager  8.0  h  post  IP 
administration  of  the  compound  (100  |iMkg-1)  is  shown  in 
figure  1.  The  tumor  volume  was  0.18  mL  and  spectra  were 
recorded  over  30  min.  The  ability  to  observe  the  photo- 
sensitizer  by  I9F  MR  non-in vasively  is  an  important  step 
towards  understanding  its  pharmacokinetic  characteristics 
and  relating  these  to  its  in  vivo  photosensitizing  efficacy. 
These  details  will  be  published  elsewhere. 

13,  Photophysical  properties 

A  typical  fluorescence  spectrum  of  fluorinated  porphyrins  in 
PhCN  is  shown  in  figure  2.  For  the  case  of  3,  virtually  the 
same  fluorescence  maxima  at  628  and  693  nm  was  observed 
as  for  non-fluori nated  porphyrins.  The  absorption  and 
fluorescence  maxima  of  investigated  porphyrins  1-4, 
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Wavelength,  nm 

Figure  2.  Fluorescence  spectrum  of  3  (7.3XtO_<  M)  in  deaerated  PhCN  at 
298  K  by  excitation  at  335  nm 

26-29,  chlorin  30  and  bacttriochiorin  31  are  listed  in  Table 
1.  The  absorption  and  the  fluorescence  maxima  are  red- 
shifted  in  the  order:  porphyrin,  chlorin  and  bacteriochlorin, 
but  they  are  not  affected  by  the  fluorine  substituents. 

The  fluorescence  decay  of  3  is  well  fitted  by  a  single 
exponential  line  with  lifetime  of  18.5  ns  as  shown  in  Figure 
3.  The  fluorescence  lifetimes  are  also  listed  in  Table  1.  The 
fluorescence  lifetimes  (t)  are  also  unaffected  by  fluorinated 
substituents.  The  rvalues  of  the  nine  porphyrins  in  this  table 
are  all  similar  in  the  range  of  16.1—18.6  ns  irrespective  of 
substituents,  but  they  are  significantly  longer  than  those  of 
chlorin  30  (3.8  ns)  and  bacteriochlorin  31  (3.3  ns). 

Phosphorescence  spectra  were  observed  in  deaerated  frozen 
2-MeTHF  at  77  K.  The  phosphorescence  maxima  are  also 
summarized  in  Table  1.  Again  the  phosphorescence  maxima 
of  porphyrins  (822-823  nm)  are  not  affected  by  the 
fluorinated  substituents.  The  triplet  excited  states  of  the 
porphyrins  were  detected  from  the  transient  absorption 
spectra  measured  4.0  ns  after  laser  excitation  at  355  tun.  A 
typical  example  is  shown  in  Figure  4  for  the  case  of  3. 
The  negative  absorption  at  410  nm  in  Figure  3  is  due  to 
bleaching  of  the  ground-state  absorption  bands.  The  positive 
absorption  at  450  nm  in  Figure  4  is  due  to  the  triplet- triplet 
(T-T)  transition.  The  T-T  absorption  decay  obeys  fixst- 


Figure  3.  Fluorescence  decay  (A^=628  nm)  of  3  (7JX1CT4M)  ia 
deaerated  PhCN  at  298  K  by  excitation  at  535  nm.  The  instrument  response 
(gray  flneX  decay  date  (solid  line),  and  single-exponential  Sued  line  are 
plotted  ia  the  bottom  frame.  The  residuals  of  the  fit  for  a  lifetime  of 
■t'=:18_5  ns  are  plotted  in  the  top  frame. 


order  kinetics  as  shown  in  Figure  5.  This  indicates  that  there 
is  no  contribution  of  the  triplet-triplet  annihilation  under 
the  present  experimental  conditions. 

The  T-T  absorption  maxima  and  the  triplet  lifetimes  are 
summarized  in  Table  2.  The  triplet  lifetimes  of  porphyrins 
are  in  the  range  of  8.3-25  jis.  which  are  shorter  than  the 
lifetimes  of  chlorin  30  (185  ps)  and  the  bacteriochlorin  31 
(77  jis). 

The  decay  of  the  T-T  absorption  in  oxygen-saturated  PhCN 
is  enhanced  significantly  over  that  observed  in  deaerated 
PhCN.  The  decay  rate  obeys  first-order  kinetics  and  the 
decay  rate  constant  increases  with  increasing  oxygen 
concentration.  Thus,  an  efficient  energy  transfer  from  the 
triplet  excited  state  of  3  to  oxygen  occurs  to  produce  singlet 
oxygen.  The  rate  constants  of  the  energy  transfer  (£en)  were 


Table  1.  Fluorescence  emission  maxima  and  fluorescence  lifetimes  in  deaerated  PbCN  at  298  K,  and  phosphorescence  emission  maxima  in  deaeraied 
2-MeTHF  at  77  K 


>-  --fflimrwcenca)  (nm) 

r  (fluorescence)*  (lira) 

8m(phoipiiorescence)  (nm) 

26 

628 

693 

18-5 

822 

27 

627 

693 

'  17.9 

822 

28 

628 

693 

17.3 

822 

29 

628 

692 

17.6 

823 

1 

628 

693 

1SJ 

823 

2 

627 

692 

16.1 

823 

3 

628 

693 

18-3 

822 

4 

628 

691 

17.7 

822 

4a 

629 

693  ‘ 

1&2 

822 

30 

652 

3.8 

842 

31 

73) 

13 

806 

*  The  experimental  errors  are  within  ±5%. 

*  Shoulder  peak. 
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(355  am)  at  298  K. 


Fint-order  plot. 


Table  2,  T-T  absorption  maxima  (A-.CT-T)),  triple*  lifetime*  (efT-T)) 
in  the  deaerated  PhCN  at  298  X,  quenching  rale  consaots  of  the  triplet 
excited  by  oxygen  in  PhCN,  and  quantum  yields  of  singlet  oxygen 
in  CoD# 


AfflaxCT— T)  (am) 

r(T-T5  (if 

***  cm-'  ac'os)* 

26 

450 

1.0x10"’ 

0.26 

27 

450 

1.1X10"’ 

057 

28 

450 

1.1X10"’ 

0.68 

29 

450 

1.1X10"’ 

033 

1 

450 

13x10"* 

061 

2 

450 

1.4X10"’ 

075 

8 

450 

1.9X10"’ 

081 

4 

450 

23X10“’ 

036 

4a 

450 

23x10"’ 

027 

30 

440 

1.9x10"* 

030 

31 

440 

7.7X10"’ 

031 

determined  from  the  dependence  of  the  decay  rate  constants 
on  oxygen  concentration  as  listed  in  Table  2.  The  k^x  values 
are  in  the  range  of  8.9x10s-!. 1X109  M-1  s~l.  There  is  no 
specific  effects  of  the  fluorinated  substituents  on  the 
values  which  are  smaller  than  the  diffusion-limited  value  in 
PhCN  (5.6X109  M-1  s-1).16 

Irradiation  of  an  oxygen-saturated  benzene  solution  of  3 
results  in  formation  of  singlet  oxygen  which  was  detected 
by  the  ’Os  emission  at  1270  nm  (see  Section  3).  Quantum 
yields  (<J>)  of  ’O^  generation  were  determined  from  the 
emission  intensity  which  was  compared  to  the  intensity 
obtained  using  a  C$o  reference  compound.17  Relatively  high 
<J>  values  axe  obtained  for  all  investigated  compounds  as 
summarized  in  Table  2.  The  highest  <P  value  is  obtained  as 
0.81  for  the  tetrafiuorinated  compound  3. 

2.4.  Electrochemical  studies 

The  electrochemically  investigated  compounds  can  be 
divided  into  three  groups  based  on  the  macrocycle  and 
substitutents.  The  first  group  includes  the  four  fluorinated 
porphyrins  1, 2, 3  and  4  (Chart  1,  Scheme  2),  the  second,  the 
four  non-fluorinated  porphyrins  26,  27,  28  and  29  (Scheme 
2)  and  the  third,  the  one  fluorinated  chlorin  30  and  the  one 
fluorinated  bacteriochlorin  31  (Scheme  3).  The  electro¬ 
chemistry  of  these  ten  complexes  was  carried  out  in  PhCN 
containing  0.1  M  TBAP  as  supporting  electrolyte.  The 
half-wave  or  peak  potential  for  each  reduction  is  listed  in 
Table  3. 

In  all  but  one  case  (compound  29),  the  first  reduction  was 
reversible  and  the  second  irreversible  due  to  a  chemical 
reaction  following  formation  of  the  di anion.  This  led  to 
cyclic  voltammograms  of  the  type  illustrated  in  Figure  6- 
A  chemical  reaction  also  followed  the  first  oxidation  of  each 
porphyrin  and  this  led  to  irreversible  or  quasi-reversible 
oxidations  as  graphically  shown  in  figure  7  fix  the  case  of 
compounds  3  and  4.  The  UV- visible  spectral  changes 
obtained  upon  the  first  reduction  were  recorded  in  PhCN 
containing  0.2  M  TBAP.  An  example  of  the  thin-layer 
spectral  changes  are  shown  in  figure  8  for  compounds  3  and 
30  and  a  summary  of  the  spectral  data  for  the  eight  singly 
reduced  porphyrins  is  given  in  Table  3.  The  neutral 
compounds  have  a  Soret  band  at  407-412  nm  and  four 
visible  bands  between  503  and  626  nm  (see  Table  4).  Upon 
the  first  reduction,  the  Soret  and  visible  bands  decrease  in 
intensity  while  a  new  broad  visible  band  appears  at 
799-813  nm  (see  Table  3).  These  results  are  consistent 
with  a  one-electron  addition  to  the  porphyrin  tr-ring  system 
and  indicate  the  formation  of  a  porphyrin  ir-anion  radical.’* 
The  cyclic  voltammograms  illustrating  die  stepwise  oxi¬ 
dation  of  compounds  3, 4  and  30  are  shown  in  figure  7.  The 
same  spectral  patterns  are  observed  for  the  eight  porphyrins 
in  Table  3  and  these  data  may  be  contrasted  to  what  is 
observed  for  reduction  of  the  chlorin  30  (fig.  8(b))  and 
bacteriochlorin  31  whose  ir-anion  radical  absorption  bands 
are  also  summarized  in  this  table.  The  spectral  changes 
obtained  upon  oxidation  of  die  porphyrin  3  and  the  chlorin 
30  are  illustrated  in  Figure  8.  The  reaction  of  Che  porphyrin 
is  quasi-reversible  while  that  of  the  chlorin  is  reversible  on 
the  cyclic  voltammetry  timescale  (see  cyclic  voltamogram 
figure  7).  Thus  only  the  spectrum  of  the  chlorin  30 


The  experimental  errors  are  within  ±5%. 
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Table  3.  Reduction  potentials  of  invest; gated  complexes  and  UV-visibie  spectral  data  of  singly  reduced  compounds  in  PhCN  containing  0.1  M  TBA? 


C-rcup 

Compound 

Potential  (V  vs.  SCE) 

Singly  reduced  complexes 

E\n  Ej, 

A™,,  om  (eXlO'4. 

M~*  era-1) 

I 

1 

-1.78 

409  (6.1) 

432  (4,9)^ 

_ 

806  (0.7) 

2 

-1.80 

408  (5.7) 

435  (3.7>'1> 

813  (1.0) 

3 

-1.80 

407  (4.3) 

• 

801  (0.9) 

4 

-1.66 

412(7.1) 

- 

801  (1.1) 

n 

26 

-1.68 

410  (6.8) 

434  (63) 

_ 

799  (1.8) 

27 

-1.62 

409  (5.1) 

437(4.1) 

— 

SCO  (1.9) 

28 

-1.66 

409(5.7) 

439  (2.3) 

- 

800  (1.0) 

29 

-1.66 

408  (5.2) 

439  (2.5)“' 

- 

800(1-2) 

nx 

30 

-1.74 

402(3.5) 

• 

535  (0.7) 

735  (1.2) 

31 

-1.84 

406(6.3) 

“ 

730  (0.8) 

827  (0.3) 

»  Sf  it  a  scan  rate  of  0.1  V/s.  Two  nrnll  peaks  at  £,=-0-52  and  -Q.94  v  also  can  be  seen  on  Sist  scan. 
b  A  peak  at  £,=—1.29  V  also  can  be  seen.  5h=shnulder  peak. 


corresponds  co  a  true  measurement  of  the  first  electro-  sensitizers  1-4  was  determined  in  radiacion  induced 
generated  oxidation  product  which  should  be  a  ir-cation  fibrosarcoma  (RIF)  tumor  cell  lines.19  For  determining  the 

radical.  The  oxidations  of  other  compounds  were  not  drug  dose,  one  of  the  fluorinated  porphyins  4  was  initially 

chemically  or  electrochemically  reversible  and  thus  no  tested  at  two  different  concentrations  (0-5  and  1.0  jaM).  The 
meaningful  spectra  could  he  obtained  (Fig.  9).  drug  concentration  at  1.0  jiM,  together  with  a  light  dose  at 


2.5.  In  vitro  photosensitizing  efficacy 

The  in  vitro  photosensitizing  activity  of  fluorinated  photo- 


i . — — "< . r— . . .  t* . * i 

CL0  4X4  4X3  -L2  -US  -2-0 

Potential*  (V  vsSCE) 


figure  <$,  Cyclic  'volcunino  grams  flluscntting  the  stepwije  reductions  of 
compounds  (l)  3.  (b)  4  and  (c)  30  in  PhCN  containing  0.1  M  TBAP. 


a)  compound  3 


Figure  7.  Cyclic  Totoimmograma  iOminting  the  stepwise  oxidation  of 
compounds  (a)  3,  (b)  4  and  (c)  30  in  PhCN  containing  0.1  M  TBAP. 
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Wavelength  (nm) 


Wavelength  (nm) 

Figure  8.  Thin-layer  UV-visible  spectral  changes  of  (a)  compound  3  and 
(b)  compound  30  upon  the  first  reduction  at  -1  JO  V  in  FHCN  containing 
0.2MTBAP. 

4.0  J/ctn2,  produced  a  significant  phototoxicity  without  any 
dark  toxicity.  Other  photosensitizes  were  then  evaluated 
under  similar  drug  concentration.  From  the  results  sum¬ 
marized  in  Figure  10  it  can  be  seen  that  all  the  fluorinated 
porphyrins,  the  chlorin  and  the  bactenochlorin  produced 
significant  in  vitro  efficacy.  However,  the  compounds  in  the 
porphyrin  series  containing  bis-trifluoromethyl  groups  were 
found  to  be  less  effective  than  those  containing  tetrakis- 
trifluoromethyl  groups.  The  vic-dihydroxy  chlorin  30  and 
the  related  tetrahydroxy  bactenochlorin  31  were  quite 
effective  with  similar  efficacy.  In  order  to  correlate  the 


Figure  9.  Thin-layer  UV-visible  spectral  changes  of  (a)  compound  3  and 
(b)  compound  30  upon  the  first  oxidation  at  1.10  and  0.90  V  in  PhCN 
containing  0.2  M  TBAP. 

singlet  oxygen  efficiency  with  photosensitizing  activity, 
these  compounds  were  also  evaluated  for  their  photo- 
physical  characteristics.  Although  the  presence  and  position 
of  the  fluorinated  substituents  in  the  porphyrin  macrocycle 
produced  a  remarkable  difference  in  singlet  oxygen 
producing  efficiency,  no  direct  correlation  was  observed 
between  singlet  oxygen  yield  and  in  vitro  photodynamic 
activity.  For  example,  the  singlet  oxygen  yields  of 
porphyrins  1-3,  are  quite  similar  (0.61-0.81)  but  these 
compounds  showed  a  significant  difference  in  photo¬ 
sensitizing  activity.  In  contrast  similar  photosensitizing 
results  were  obtained  among  the  tetraltis-trifluorinated 


Table  4.  UV-visible  4at«  of  investigated  compounds  ia  PhCN  containing  02  M  TBAP 

Group  Compound  tau,  nm  (eXlO-4,  M"  ‘  cm  ') 

Soret  band  Visible  bands 


I 

4 

408  (12.71) 

303  (1.13) 

536(031) 

572  (047) 

626  (0.19) 

2 

409  (11.23) 

303  (0.74) 

538  (060) 

572  (074) 

624  (0.29) 

3 

407  (7.23). 

303  (0.63) 

535  (030) 

571  (027) 

623  (0.10) 

1 

407  (13.12) 

503  (1-29) 

535(062) 

572  (0-58) 

625  (0-28) 

n 

26 

407  (1630) 

304  (1.24) 

536  (027) 

573(0-23) 

624(009) 

27 

407(12-47) 

503  (0.48) 

535(020) 

572(0.16) 

624  (OlO) 

29 

412(12.70) 

504  (0J7) 

538  (074) 

570(035) 

615  (021) 

23 

407  (9J8) 

503(0.88) 

535(040) 

572(037) 

624  (015) 

m 

30 

402  (8-28) 

501  (0.79) 

548(017) 

593  (02 6) 

648  (2.12) 

31 

399  (8.90) 

306  (128) 

593(035) 

645(2.02) 

715  (1.70) 
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Figure  10.  The  in  vitro  photosensitizing  activity  of  various  fluorinated 
porphyrins  1-4.  chlorin  30  and  bacteriochlorin  31 11-0  u-M)  in  RIF  tumor 
cells  at  4h  incubation-  Control:  Cell  exposed  to  light  without  photo¬ 
sensitizer  and  cells  with  photosensiuzer  hut  no  light  exposure. 


analogs  (3  and  41  in  spite  of  a  significant  difference  in 
singlet  oxygen  yields  (0.31  and  0.36.  respectively). 

On  the  basis  of  in  vitro  results,  it  is  difficult  to  predict  the  in 
vivo  photosensitizing  efficacy  of  these  photosensttizers 
because  the  pharmacokinetic  and  pharmacodynamic  pro¬ 
files  as  well  as  photobleaching  characteristics  play  impor¬ 
tant  roles  In  drug  localization  and  clearance.  These 
properties  could  also  be  influenced  by  the  overall  lipo- 


philicity  of  the  molecule  which  has  proven  to  be  an 
important  molecular  descriptor  that  often  is  well  correlated 
with  the  bioactivity  of  drugs.  The  lipophilicity  is  indicated 
by  lipophilic  indice  such  as  the  logarithm  of  a  partition 
coefficient,  log  P,  which  reflects  the  equilibrium  partidoning 
of  a  molecule  between  a  non-polar  and  a  polar  phase,  such 
as  n-octanol/water  system.  Partition  coefficients  can  be 
measured  either  experimentally  by  following  a  simple 
‘shake  flask'  approach  or  by  using  a  currently  available 
computer  program  (PALLAS  system).19'  We  calculated  the 
log  P  values  of  the  fluorinated  porphyrins  1-4,  the  chlorin 
30  and  the  bacteriochlorin  31  and  these  were  in  the  range 
of  12.76-19.75  p  and  2:  15.58.  3:  19.75,  4:  18.43, 
30:15.60  and  31:12.76].  For  investigating  a  correlation 
between  singlet  oxygen  yields  and  PDT  efficacy,  the  in  vivo 
studies  of  fluorinated  photosensitizers  at  different  drug/ight 
doses  are  currently  in  progress.  These  results  along  with 
the  in  vivo  ,9F  tumor  imaging  data  will  be  reported 
elsewhere. 

2.6.  Intracellular  localization 

In  general,  porphyrin-based  compounds  have  shown  very 
diverse  patterns  of  localization,  based  on  structure, 
lipophilicity  and  charge.20  Localization  in  the  lysosomes 
and  mitochondria  are  reported  to  be  predominant.  However, 
in  a  QSAR  study  of  ceiTain  photosensitizers  the  compounds 
that  localize  in  mitochondria  are  generally  found  to  be  more 
effective.  Therefore,  the  site  of  localization  of  the 
fluorinated  porphyrin  4  and  the  related  chlorin  30  and 
bacteriochlorin  31  were  compared  with  Rhodamine-123, 
which  is  known  to  target  miiochondria.  Images  of  the 


Rhoda  mine  123  Cblorie  30 


Overlay 

Figure  11.  ComDarative  intracellular  localization  of  Rhodamine-123  (mitochondrial  probe)  and  fluorinated  chlorin  30  in  RIF  cells  at  24  b  post-incubarion. 
Similar  patterns  were  observed  from  fluorinated  porphyrin  4  and  the  correspondinj  bacteriochlorin  31  (only  a  representative  example  is  shown).  The  overlay 
picture  clearly  indicates  that  both  Rhodamine-123  and  chlorin  30  localize  in  mitochondria. 
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photosensitizers  and  Rhodamine-123  were  taken  in  rapid 
succession.  The  resulting  images  clearly  indicate  that  these 
photosensitizers  localize  to  the  same  .cellular  region  as 
Rhodamine-123,  suggesting  that  these  compounds  localize 
in  mitochondria,  a  more  sensitive  site  for  cell  damage  by 
PDT  (see  Figure  11  for  a  representative  example). 


3.  Experimental 

3-1.  Chemistry 

All  chemicals  were  of  reagent  grade  and  used  as  received. 
Solvents  were  dried  using  standard  methods  unless  stated 
otherwise.  Reactions  were  carried  out  under  a  N2  atmos¬ 
phere  and  were  monitored  by  analytical  precoated 
(0.20  mm)  silica  TLC  plates  (POLYGRAM®  SIL  N-HR). 
Melting  points  were  determined  on  electrically  heated 
melting  point  apparatus  and  are  uncorrected.  UV— vis 
spectra  were  recorded  on  a  Varian  (Cary-50  Bio)  spectro¬ 
photometer.  lH  and  19F  NMR  spectra  were  recorded  on  a 
B rucker  AMX  400  and  376 -5  MHz  NMR  spectrometer, 
respectively  at  303TC  in  CDd3  containing  tetramethyl- 
silane  (TMS)  as  an  internal  standard.  Proton  chemical  shifts 
(S)  are  reported  in  parts  per  million  (ppm)  relative  to  TMS 
(0.00  ppm)  or  CDClj  (7.26  ppm)  while  fluorine  chemical 
shifts  are  reported  in  pptn  relative  to  trifluoroacetic  acid 
(0.00  ppm).  Coupling  constants  (7)  are  reported  in  Hertz 
(Hz)  and  s,  d,  t,  q,  m,  dd  and  br  refer  to  singlet,  doublet, 
triplet,  quartet,  multiplet,  doublet  of  doublet  and  broad 
respectively.  Mass  spectral  data  (FAB)  were  obtained  from 
the  University  of  Michigan,  East  Lansing,  MI  (the  matrix  is 
usually  nitrobenzyl  alcohol)  and  from  the  Biopolymer 
Facility  of  Basic  Studies  Center,  Roswell  Park  Cancer 
Institute,  Buffalo,  NY.  Elemental  analysis  data  were 
obtained  from  Midwest  Microlab,  LLC,  Indianapolis,  IN. 

3-2.  General  method  for  the  synthesis  of  dipyrrome thane 
6,  7  and  8 

Pyrrole  5  (10.0  g,  0.055  mol)  and  p-methoxy  benzaldehyde 
(3.74  g,  0.0275  mol)  were  dissolved  in  ethanol  (70  mL)  and 
p-toluenesulfonic  acid  (200  mg)  was  added.  The  reaction 
mixture  was  refluxed  for  2  h  under  nitrogen.  Analytical  TLC 
at  frequent  intervals  was  used  to  monitor  the  completion  of 
the  reaction.  It  was  then  cooled,  die  solid  was  filtered,  the 
product  was  washed  with  cold  water  and  dried  under 
vacuum  at  room  temperature.  The  desired  pyrrometbane 
6  [3,9-diethyl-6-(p-methoxyphenyl)-4,8-dimethyl-2,lQ- 
diethoxycarbonyl  dipyiromethane]  was  isolated  as  a  white 
powder  in  80%  (2122  g)  yield. 

3.2.1.  3,9-Diethyl-6-(p-methoxypbenyl)-4,8-dimetI»yi- 
24 0-diethoxy carbonyl  dipymunethane  (6).  Mp  105— 
108°C;  !H  NMR;  8  8.20  (brs,  2H,  2XNH),  7.01  (d,  7= 
8.9  Hz,  2H.  ArH),  6.87  (d,  7=8.9  Hz.  2H,  AiH),  5.43  (s.  1H, 
CH),  4226  (q,  7=7.3  Hz,  4H,  2x00^010,  3.81  (s,  3H, 
OCH3),  2.74  (q,  7=7.5  Hz,  4H,  2xCH2C3,\  1.78  (s,  6H, 
2XCH3),  1.31  (t,  7=7.1  Hz.  6H,  2XOCH 2CHi),  1.12  (t,  7= 
7.7  Hz,  6H,  2xCH2CH3).  AnaL  ealed  for  QuH^O*: 
C,  69.98;  H,  735;  N,  5.83.  Found-  C,  70.15;  H,  7237; 
N,  5.93.  By  following  a  similar  approach,  pyrrole  5  was 
reacted  with  m-methoxy  or  3,  5-dimethoxy  benzaldehyde 


and  the  corresponding  dipynomethane  7  and  8  were 
synthesized. 

3.2.2.  3>9-Difithyl-6-(m-methoxyphenyI)-4>8-diinethy!- 

2.10- diethoxycarbonyl  dipyrrome  thane  (7).  Yield  70%  - 
mp  122-125°C;  JH  NMR:  8  8.25'  (brs,  2H,  2xNH),  7.23- 
7227  (m,  1H,  ArH),  6.82  (dd,  7=222,  7.8  Hz,  1H,  ArH),  6.68 
(d,  7=7.4  Hz,  1H,  ArH),  6.63  (s,  1H,  ArH),  5.45  (s.  1H,  CH) 
4.25  (q,  7=7.3  Hz,  4H,  2xOCH2CH3),  3.76  (s,  3H.  OCH3). 
2.73  (q,  7=7.6  Hz,  4H,  2xCH2CH3),  1.79  (s,  6H,  2xCH3), 
1.30  (t,  7=7.1  Hz,  6H,  2xOCH2C7f3),  1.11  (t,  7=7.3  Hz. 
6H,  2XCH2CH3).  AnaL  ealed  for  C2aH36N205:  C,  69.98;  H, 
7.55;  N,  5.83.  Found;  C,  70.08;  H,  7.60;  N,  5.82. 

3.23.  3^-Diethyl-6-(3,4,-flimethoxyphenyI)4^-dimethyl- 

2.10- diethoxycarbonyldipyrxomethane  (8).  Yield  60%; 
viscous  oil;  'H  NMR:  5  8.25  (brs,  2H,  2xNH),  6.38  (s,  1H. 
ArH),  6.24  (s,  2H,  ArH),  5.39  (s,  1H,  CH),  4226  (q,  7= 
723  Hz,  4H,  2X0CH2CH3),  3.74  (s,  6H,  2xOCH3),  2.70- 
178  (m,  4H,  2xCH2CH3),  1.79  (s,  6H,  2xCH3),  1.32 
(t,  7=7.2  Hz,  6H,  2xGCH2CHx).  1.10-1.16  (m,  6H. 
2xCH2CH3). 

323.  General  method  for  the  preparation  of  pyrro- 
methanes  9, 11, 13 

The  dietfaoxycarbonyl  dipynomethane s  6,  7  or  8  (for 
example  1 1.6  g  of  6)  were  individually  dissolved  in  ethylene 
glycol  (250  mL).  Sodium  hydroxide  (12  g,  crushed  powder) 
was  added,  and  the  reaction  mixture  was  refluxed  for  1  h.  It 
was  then  cooled,  diluted  with  dichloromcthane  (250  mL) 
and  washed  with  water  (2x200  mL).  The  dichloro- 
methane  layer  was  dried  over  anhydrous  sodium  sulfate. 
The  residue  obtained  after  evaporating  the  solvent  was 
chromatographed  over  silica  column  eluted  with  chloro¬ 
form.  The  appropriate  eluates  were  combined,  the  solvent 
was  evaporated,  and  the  desired  dipyiromethane  9  was 
obtained  in  95%  yield. 

334.  3 ^-Diethyl-6- (p-methoxyphenyl)4,8-dimethyl- 
dipyrromefhane  (9).  Mp  64-66°C;  lit21  JH  NMR:  5  730 
(brs,  2H,  2XNH).  7.06  (d,  7=8.8  Hz,  2a  ArH),  6.85  (d. 
7=8.8  Hz,  2a  ArH),  6-38  (s,  2a  2xPynolic  CH),  5.45 
(s,  ia  CH),  3.81  (s.  3a  OCH3),  2.44  (q,  7=73  Hz.  4H. 
2XCH2CH3),  1.81  (s,  6a  2xCHj),  1.19  (t,  7=7.9  Hz,  6H. 
2xCH2CH3). 

333.  3,9-Diethyl-6-{ni-methoxyphenyI)-4,8-<iimethy!- 
dipyrrome thane  (11).  Yield  88%;  tnp  202-204°C; 
»H  NMR:  5  9.49  (s,  2a  2XCHO),  9.08  (brs,  2a  2xNH). 
733-737  (m,  ia  ArH),  6.83  (dd,  7=23,  8.0  Hz,  1H. 
ArH).  6.66  (d,  7=7.6  Hz,  la  ArH).  6.62  (s,  ia  ArH). 
533  (s,'ia  CH),  3.75  (s,  3a  OCH3),  371  (q,  7=7.6  Hz. 
4a  2xCff2CH3),  1.86  (s,  6a  2xCH3).  130  (t.  7=7.8  Hz. 
6a  2xCH20/3).  Anal,  ealed  for  C22HMN2022H20: 
C,  70.94;  a  8.66;  N,  733  Found:  C,  7139;  a  7.17;  N. 
734. 

333, 3^-Diethyl-6-(3'4,-(fimethoxyphenyI)-4^-dimethyl- 
dipyrromethane  (13).  Yield  97%;  mp  119-121°C;  *H 
NMR:  8  7.34  (brs,  2ft  2xNH),  633-636  (m,  3a  ArH), 
631  (s,  2a  2Xpyrrolic  CH),  5.40  (s,  ia  CH),  3.74  (s,  6a 
2xOCH3X  240-345  (m,  4a  IxCffjCHj),  1.81  (s,  6a 
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2XCH3).  1.14-1.19  (m,  6H,  2XCH2CH3).  Anal,  calcd  for 
Ci3H30N202  5H20:  C,  60.50;  H,  8.83;  N,  6.40.  Found:  C, 
60.00;  H,  8.82;  N.  5.91. 

3.4.  General  method  for  the  preparation  of  difonnyl- 
dipyrromethanes  10, 12  and  14 

The  pyrromethane(s)  [e.g.  9  (7.1  g)]  was  dissolved  in 
Vilsmeier  reagent,  prepared  by  reaction  POCl3  (10.5  mL) 
and  DMF  (45  mL)  was  added  and  the  reaction  mixture  was 
stirred  at  room  temperature  overnight  The  reaction  mixture 
was  poured  into  ice  cold  water  (250  tnL)  and  aqueous 
sodium  hydroxide  (50%,  35  mL)  was  then  added  slowly;  the 
pH  was  adjusted  to  10-12  and  stirred  overnight  before 
extracting  with  dichloromethane  (3x200  mL).  The  organic 
layer  was  separated,  washed  with  water  (2X200  mL)  until 
neutral  and  dried  over  anhydrous  sodium  sulfate.  Evapo¬ 
ration  of  the  solvent  gave  a  residue  which  was  chromato¬ 
graphed  over  a  silica  column,  eluting  with  1:1  ethyl  acetate/ 
cyclohexane.  The  major  band  was  separated,  and  the 
product  obtained  after  evaporating  die  solvent  was  crystal¬ 
lized  with  methanol  and  compound  10  was.  isolated  in 
80%  (6.80  g)  yield. 

3.4.1.  3,9-Diethyl-2,10-diformyI-6-<p-methoxyphenyl)- 

4.8- dimethyIdipyrroinethane  (10).  Mp  168— 169°C; 
2H  NMR;  S  9.50  (s,  2H,  2XCHO),  8.70  (brs,  2H.  2XNH), 
6.98  (d,  7=8.7  Hz.  2H,  ArH),  6.86  (d,  7=8.7  Hz,  2H.  ArH), 
5.47  (s,  1H,  CH).  3.80  (s,  3H.  OCH3),  2.70  (q,  7=7.5  Hz, 
4H.  2xCff2CH3),  1.81  (s,  6H,  2xCH3),  1/20  (t,  7=7.5  Hz, 
6H,  2xCH2Cff3).  AnaL  calcd  for  Cj4H2aN203.l/2H20: 
C,  71.80;  H.  7.28;  N.  6.98.  Found:  C,  71.69;  H,  6.74;  NT, 
6.76. 

3.4-2.  3^-Diethyl-2,10-diformyl-6-(/7i-methQxyphenyl>- 

4.8- dimethyldipyrromethflne  (12).  Yield  79%;  mp  202— 
204“C;  *H  NMR:  S  9.49  (s,  2H.  2XCHO).  9.08  (bn,  2H. 
2xNH),  7/23-7.27  (m.  lH.  ArH).  6.83  (dd,  7=2J,  8.0  Hz, 
LH.  ArH),  6.66  (d,  7=7.6  Hz,  1H.  ArH),  6.62  (s,  lKLArH), 
5-53  (s,  1H,  CH),  3.75  (s,  3H.  OCH3),  Z71  (q,  7=7.6  Hz. 
4H,  2XCH2CH3).  1.86  (s,  6H,  2xCH3),  1/20  (t,  7=7.8  Hz, 
6H,  2XCH2CH3).  AnaL  calcd  fwC^HaNzOc  C,  73.44;  H, 
7.19;  N,  7.14.  Found;  C,  73.65;  H,  7.29;  N,  7.06. 

3  A3. 3^-Diethyl-240-difonnyl-6K3^-diH3jethoxyphenyD- 

4.8- dimethyldipyrromethane  (14).  Yield  78%;  rop  202— 
204°C;  ‘HNMR(CDa3, 400  MHz)  89.52  (s,  2H,  2xCHO), 
8 56  (brs,  2H,  2xNH),  6.40  (s,  1H,  ArH),  6.20  (s,  2H.  Adi), 
5.42  (s.  1H.  CH).  3.74  (s,  6H,  2XOCH0,  L70  (q,  7=7.7  Hz. 
4H,  2XC7f2CH3),  1.81  (s,  6H,  2XCH3),  1/20  (t,  7=7.8  Hz, 
6H.  2xCH2C7f3).  AnaL  calcd  for  C2sH3oN204.1/2H20:  C, 
69.58;  H,  7/24;  N,  6.49.  Found;  C,  6952;  H,  7.00;  N,  6.16. 

3.5.  General  method  for  the  synthesis  of  porphyrin* 
22-25 

The  diformyl  dipyrromethane  (e.g.  10, 252  g,  6.43  mmol), 
and  dipyiromethane  18  (2.04  g,  6.42  mmol)  were  dissolved 
in  dichloromethane  (500  mL).  p-Toluenesulfonic  add 
(6.0  g)  dissolved  in  methanol  (100  mL)  was  added,  and 
the  reaction  mixture  was  stirred  at  room  temperature 
overnight  under  nitrogen  atmosphere.  A  saturated  solution 
of  zinc  (125  mL)  was  added,  and  the 


reaction  was  stirred  for  another  12  b.  It  was  then  diluted 
with  dichloromethane,  washed  with  water  and  the  organic 
layer  was  dried  over  anhydrous  sodium  sulfate.  Evaporation 
of  the  solvent  gave  a  residue  which. was  dissolved  in 
trifluoroacetic  acid  (30  mL)  and  stirred  at  room  temperature 
for  30  min.  The  Zn-free  porphyrin  thus  obtained  after 
standard  work-up  was  chromatographed  over  a  short 
Grade  HI  Alumina  column  and  eluted  with  dichloro¬ 
methane.  The  major  band  was  collected  and  the  solvent 
evaporated.  The  residue  was  crystallized  from  dichloro- 
methane/hexane  and  porphyrin  22  was  isolated  in  17% 
(640  mg)  yield. 

35.1.  2,8,13,17-Tetraethyl-5-(p-methoxyphenyI)-3,742, 
18-tetramethylporphyrin  (22).  Mo  280-282°C;  UV-vis 
[CH2C12,  nm  (e,  M'1  cm-1)]  403  (3.82x10s),  503  (3.15x 
104),  535  (1.39X104),  571  (1J5X104),  623  (4.82X103);  >H 
NMR;  8  10.13  (s,  2H,  2XmeroH),  9.92  (s,  1H.  maoH),  7.86 
(d,  7=9.0  Hz,  2H,  ArH),  7.16  (d,  7=9.0  Hz,  2H.  ArH). 
4.00-4.06  (m,  8H,  4xCH2CH3),  3.99  (s,  3H,  OCH3).  3.62 
(s,  6H,  2xCH3),  2.47  (s,  6H,  2xCH3).  1.87  (t.  7=7.7  Hz,  6H. 
2xCH2CH3>,  1.75  (t,  7=7.6  Hz,  6H.  2 XCH2CH3).  -3.19 
(brs,  1H,  NH),  -3.27  (brs.  1H,  NH).  AnaL  calcd  for 
C39H44N*0:  C,  80.10;  H,  7.58;  N,  9.58.  Found;  C,  80.14;  H. 
7-54;  N.  9.62. 

3-5-2-  2,8,1347-Tetraethyl-5-(m-methoxyphenyl)-3,742, 
18- tetramethylporphyrin  (23).  Yield  30%;  mp  270- 
272°C;  NMR;  510.16  (s,  2H,  2xmeso¥£),  9.96  (s,  1H, 
mao  H),  7.67  (d,  7=7.2  Hz,  2H,  ArH),  7.59  (t,  7= 
7.8  Hz,  1H.  ArH),  7-50  (s,  1H.  ArH),  4.02-10  (m, 
8H,  4xC7r2CH3),  4.00  (s,  3H  OCH3).  3.65  (s,  6H 
2XCH3),  2.60  (s,  6H  2XCH3).  1.90  (c.  7=7.7  Hz,  6a 
2xCH2CHj),  1.78  (t,  7=  7.94  Hz.  6a  2xCH2CH3),  -3.20 
(brs,  la  NH),  -3.35  (brs,  la  NH).  AnaL  calcd  for 
C39HUN4O:  C,  80.10;  a  7.58;  N,  9.58.  Found;  C,  80.76;  a 
7.60;  N,  954. 

3.5.3. 2^-DiethyL5-{3/4'-dimethoxyphenyl)-2,  8-diethyl- 
13,17-bls-(2-metboxycarhonylethyl)-3,7,X2*18-  tetra¬ 
methylporphyrin  (25).  The  title  compound  was  prepared 
by  reacting  diformyldipyrromethane  14  with  dipyiro¬ 
methane  dicarboxyiic  acid  21  by  following  the  procedure 
reported  by  Chen  et  aL22 

3.6.  General  method  for  the  synthesis  of  porphyrins 
26-29 

Reaction  of  porphyrins  22-25  (100  mg  each)  with  ethereal 
boron  tribromide  solution  afforded  porphyrin  26—29  in 
70-77%. 

3.6.1.  2A13ti7-Tetraethyl-5-(p-hydroxypheay!)-3,742, 
18-tetramethylporphyrin  (26).  Yield  77%;  mp  >300°C; 
UV-vis  [CH2a2,  nm  (e,  M_1  an"1)]  404  (3.79x10s).  503 
(2.91X104).  536  (1.19X104),  570  (I.UxlO4);  ‘H  NMR;  S 
10.15  (s,  2H,  2 Xmao  H),  9.94  (s,  1H,  mao  H),  7.89  (d, 
7=9/2  Hz,  2H,  AxH),  7.18  (d,  7=8.7  Hz,  2a  AriH),  4.00- 
4.08  (m,  8a  4xCy2CH3),  3.64  (s,  6a  2xCHjX  2.53  (s,  6a 
2XCH3),  1.88  (t,  7=7.7  Hz,  6a  2X.CE2CH^  1.76  (t,  7= 
13  Hz,  6a  2xCH2Cffj),  -3.75  (brs,  2H.  2XNH).  AnaL 
calcd  for  CasK^d:  C,  79.66;  H  7.42;  N,  9.82.  Found;  C 
79:75;  a  7.45;  N,  9.70. 
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3.6.2.  2,8,13,I7-Tetraetiiyl-5-(OT-'hydrox7phenyl)-3J,12) 

18-tatramethylporphyrin  (27).  Yield  72%;  mp  >300  C; 
UV-vis  [CH2C12,  nm  (e,  M  1  cm  J)]  402  (5.00x10s), 
502  (4.03x10*),  536  (1.76x10*),  570  (1.61X10*).  6^3 
(4.60x10s);  *H  NMR:  5.  10.18  (s,  2H,  2 Xmeso  H),  9-98 
(s,  1H,  mesoK),  7.69  (d,  3—  7.0  Hz,  2H,  ArH),  7.61  (t,  J 
7.7  Hz,  1H,  ArH),  7.51  (s,  1H,  ArH),  4.04-4.12  (m,  8H, 
4xCH2CH3),  3.66  (s,  6H,  2xCH3),  2.53  (s.  6H,  2xCH3), 
1.91  (t,  7=7.7  Hz,  6H,  2xCH2CH3).  1-79  (t,  7=7.94  Hz,  6H, 
2xCH2CH3),  -3.85  to  -3.75  (each  brs,  1H,  2xNH).  Anal 
calcd  for  C3*H«N*0:  C,  79.66;  H,  7.42;  N,  9.82.  Found  C, 
80.02;  H.  7.37;  N,  9.83. 


3.6.3.  2,8,13, 17-Tetra£thyl-5^3'p'-di.hydrozypheayl)- 
3,7,12,18-tetramethylporpbyrin  (28).  Yield  75%;  mp 
>30€°C;  UV-vis  (CHjCl*  nm  (e,  M-’  cm-1)]  402 
(4.16x10s),  502  (3.45x10*),  536  (1.62x10*),  569  (1.49x 
10*),  623  (640x10s);  SH  NMR  (CDa3, 400  MHz)  S  10.18 
(s,  2H,  IXmesoH),  9.98  (s.  1H,  mesa  H),  7.05  (s,  2H,  ArH), 
6.69  (s,  IH,  ArH),  4.04-4,12  (m.  8H,  4xGH2CH3),  3.66  (s, 
6H.  2xCH3),  267  (s,  6H,  2xCH3),  1.90  (t,  7=7.7  Hz,  6H, 
2xCHaCH3),  1.80  (t,  7=7  J  Hz,  6H,  2xCH2CH3).  AnaL 
calcd  for  CjaRaN+Oj-HaO:  C,  75.47;  H,  7.33;  N,  9-26. 
Found:  C,  75.31;  H,  7.38;  N,  9.14. 


3.6.4.  2,8-Diethyl-5-(3/^'-<iimethoxyphenyl)-1347-bis- 

(2-methoxycarbonylethyI)-3,7,12,18-tetrani£thyiporphy- 

rin  (29).  Yield  70%;  mp  >300*0;  UV-vis  [CH2C12,  am 
(e,  M-1  cm-1)l  403  (4.64X105),  502  (5.21X10*),  536 
(3.39x10*),  571  (4.00x10*);  ’H  NMR:  &  10.18  (s,  2H, 
2 xmeso  H),  9.95  (s,  1H,  mesa  H),  7.10  (s,  2H,  ArH),  6.70 
(s,  IH,  ArH),  4.30-4.40  (m,  4H.  3XCH2Cii1C02CH-i), 
3.98-4.08  (m.  4H.  2xCH2CH3),  3.70  (s.  6H.  2xOCH3), 
3.65  (s,  6H,  2xCH3).  3.30-3.40  (m.  4H.  TXCHjCHjCQ, 
CH3),  2.66  (s,  6H,  2xCH3).  1.80-1.90  (m,  6H,  2xCH2CH3). 
Anal,  calcd  for  C42H<«N406JK20:  C,  63.69;  H.  6.11;  N, 
7.08.  Found:  C,  63.32;  H.  6.07;  N.  6.41. 


3.7.  General  method  for  the  synthesis  of  porphyrins  1  to  4 

35-Bis(trifluramethyl)benzylbroinide  (40  pL,  0.22  mmol) 
and  anhydrous  K2CQ3  (250  mg)  were  added  to  a  stirred 
solution  of  5-(4-hydoxyphenyl)tetraethylpoiphyrin  26 
(85  mg,  0.15  mmol)  in  dry  acetonitrile  (10  mL)  and  the 
reaction  mixture  was  refluxed  overnight  under  nitrogen. 
Solvent  was  evaparaied  under  reduced  pressure;  water 
(20  mL)  was  poured  and  extracted  with  CH2G2  (2x20  mL). 
The  combined  organic  extracts  were  washed  with  water 
(2x20  mL)  and  organic  fraction  was  dried  over  Na^SOf 
Removal  of  organic  solvent  in  vacuo  gave  a  crude 
solid  residue,  which  was  chromatographed  over  silica 
column  using  CH2Q2  as  an  eluant  to  yield  77  mg  (65%) 
of  5-[4-  ( 34-Bis(trifluromethyl)benzyloxy }phenyl]tetra- 
ethylpotphyrin  1  as  purple  plates. 

3.7.1.  5-[4-{34-Bls(triflnromethyDb«nzyloxy}phenyl].2, 
843,17-tetraethyl-3,7424®"tetramethylporphyrin  (1). 
Mp.  274-276°C;  UV-vis  [CHjCl*  nm  («.  M-1  cm"1)] 
403  (2.52x10s),  502  (2.08x10*),  535  (945x10s),  570 
(8.82X  10s),  624  (3.13X103);  *H  NMR;  8  1041  (s,  2H, 
2 Xmeso  CH),  10.00  (s,  IH,  mesa  CH),  8.14  (*,  2H,  ArH). 
7.98  (s,  IH,  A iff),  736  (d,  7=45  Hz,  2H,  Aifl),  741  (d, 
7=4.5  Hz,  2H,  ArH),  5.42  (s,  2H,  OCffj).  4.06-4.13  (m. 


8H,  4xCff2CH3),  3.70  (s,  6H.  2 xCff3),  2.52  (s,  6H.  2 xCff3), 
1.94  (t,  7=7.7  Hz.  6H,  2xCH2Cff3),  1.82  (t,  7=7-5  Hz,  6H, 
2xCH2Cff3)-  ^NMR:  8  13.12  (s,  6F,  2xCF3).  Anal,  calcd 
for  C47H4«N4F60.H,0:  C,  69.27;  H,  5.94;  N,  6.87.  Found: 
C,  69.37;  H,  6.19;  N,  6.33., 

3,74.  5-[3-Bis{34-trifluromethy!)beazyloxy}phenyl]- 
24,L3,l7-t£traethyl-3)7,12,18-tetramethylporphyrin  (2). 
Yield  96%;  mp  109— 1 10°C;  UV-vi3[CH2a2>  nm  (e,  M~‘ 
cm"1))  404  (9.49X10*),  501  (6.83X103),  537  (4.27x  103), 
570  (4.98X103);  *H  NMR:  5 10. 17  (s,  2H,  2 Xmeso  CH).  9.96 
(s,  IH,  mesa  CH),  7.94  (S.  2H.  ArH),  7.75-7.85  (m,  3H. 
AtH),  7.62  (t,  7=7.8  Hz,  IH,  A iH),  7.40  (dd,  7=2.6, 7.8  Hz. 
IH,  ArH),  542  (s,  2H,  OCH.J,  4.00-4.10  (m,  8H, 
4xCH2CH3),  3.65  (s,  6H,  2xCH3),  2-53  (s,  6H,  2xCH3), 
1.89  (t,  7=7.8  Hz,  6H,  2xCH2CH3),  1.77  (t,  7=7.6  Hz,  6H, 
2xCH2CH3),  -3.10  and  -340  (each  brs,  IH,  2xNH).  l9F 
NMR:  5  13.00  (s,  6F,  2xCF3).  Mass  (FA3)  calcd  for 
C47H*4N4F6a  796.35.  Found:  797.36  (M+l). 

3.74. 5-[3'4,-Bis{3*'4y,-trilluromethyl)benzyloxy}phenyl]- 
2,8,13,17-tetraethyl-3,7,12,18-tetra-methyl  porphyrin 
(3).  Yield  45%;  mp  214-216°C;  UV-vis[CH2a2,  nm  (e, 
M-1  cm-1)]  403  (249x10s),  502  (1.93X10*),  536  (9.27X 
10s),  570  (843x10s),  623  (3.34x10s);  ‘HNMR:  5  1040  (s, 
2H,  IXmeso  CH),  9.98  (s,  IH,  mesa  CH),  7.96  (s,  4H,  ArH), 
7.87  (s,  2H.  ArH),  7.42  (d,  7=2.9  Hz,  2H,  ArH),  7.12-7.16 
(m,  IH.  ArH).  547  (s.  4H,  2x0 Cfly,  4.03-4.10  (m.  8H, 
4xCH2CHj),  3.66  (s,  6H,  2 XCH3),  2.60  (s,  6H,  2 xCff3), 
1.91  (t,  7=7.5  Hz,  6H  2xCH2CH3),  1.78  (t.  7=74  Hz,  6H, 
2xCH2CH3).  19F  NMR:  5  12.98  (s,  12F,  4xCF3).  Anal, 
calcd  for  CjsHjoN^uC^:  C,  64.74;  H,  4.85;  N,  5.39. 
Found:  C,  6440;  H,  4.94;  N,  5.00. 

3.7.4.  5-[3,4,-Bis(3"4,'-trifluromethyl)benzyloxy}phe- 
nyl]-24-di  ethyl- 13,17-bis(2-methoxy  car  bonylethyl)-3,7- 
dlmethylporphyria  (4).  Yield  75%;  mp  72-75®C;  UV-vis 
[CH2CI2,  nm  (e,  M~l  cm-1)]  404  (3.81x10s).  502 
(3.02X10*),  536  (1.41X10*),  570  (1.32x10*),  624  (4.82X 
10s),  653  (249x10s);  SH  NMR:  8  10.16  (s,  2H.  2 X/neso 
CH),  9.97  (s,  IH,  meso  CH),  7.92  (s,  3H.  Aifl),  7.81-7.84 
(m,  3H,  ArH),  747  (d,  7=2.0  Hz.  2H,  ArH).  7.11  (d. 
7=2.4  Hz,  IH,  ArH),  5.35  (s,  4H.  2x0 CHj),  4.40  (t, 
7=7.6  Hz,  4H,  2xCff2CH2C02CH3),  4.00  (q,  7=7.8  Hz, 
4H,  2xCHjCHj),  3.67  (s,  6H,  2xOCH3),  3.66  (s,  6H. 
2xCH3),  340  (t,  7=7.6  Hz.  4H.  2xCH2CH2COjCH3),  256 
(S,  6H,  2xCH3),  1.74  (t,  7=7.4  Hz.  6H,  2xCH2CH3),  -3.27 
(hrs,  IH.  NH),  -343  (brs,  IH,  NH).  ,9F  NMR:  5  1296 
(s,12F,  4xCF3).  Anal,  calcd  for  C6oHj4N*F)2O«H-,0:  C. 
61.43;  H,  4.81;  N,  4.77.  Found-  C,  6156;  H,  4.71;  N,  4.71. 

275.  5*{3,4'-Bis(3''5/'-dlniethyIbenzyloxy))phenyl-25- 
diethyl-13,17-bis(2-methoxycarbonylethyl)-3,7-di- 
methylporphyrin  (4a).  Yield  30%;  mp  158-160“C;  UV- 
vis  [CH2ai,  nm  (e,  M~l  cm'1)]  404  (3.81x10s),  502 
(3.43x10*),  536  (146x10*),  570  (150x10*),  623  (5.19x 
10s);  JH  NMR  (CDa3,  400  MHz)  5  10.18  (s.  2H,  Txmeso 
CH),  9.98  (s,  IH,  CH),  7,31  -7.32  (m,  2H,  ArH),  7.1 1 

(brs,  IH,  ArH),  7.08  (s,  3H,  ArH),  6.99  (s,  IH.  ArH),  6.96 
(brs,  2H,  ArH),  5.17  (s,  4R  2XO CHs).  4.42  (t.  7=7.6  Hz,  4H, 
2xCH2CH2C02CH3),  4.04  (q,  7=7.0  Hz,  4H  2xCH2CHA. 
3.70  (s,  6H,  2xOCH3),  3.69  (s,  6H,  2XCH3),  342  (t,  7= 
7.8  Hz,  4H,  2xCH2CH2C02CH3),  258  (s,  6H,  2xCHj),240 
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(5.  12H,  4xPhCH3),  1.78  (t.  7=7.4  Hz,  6H.  2xCH 2CH3), 
-3.25  (brs,  1H.  NH),  -3.28  (brs,  1H,  NH).  Mass  (FA3) 
Caicd  for  CM Hg^Os:  938.22.  Found;  939.20  (M+l). 

3.8.  Synthesis  of  chlorin  30  and  bacteriochJorin  31  from 
porphyrin  4 

OSO4  (75  mg)  dissolved  in  diethyl  ether  (5  mL)  was  added 
to  a  sdrred  solution  of  4  (ICO  mg)  in  dry  CH2C12  (20  mL) 
and  pyridine  (0.2  mL).  The  reaction  mixture  was  sdrred  at 
room  temperature  for  6  h.  UV-vis  spectrum  showed  two 
peaks  at  645  nm  (chlorin  30,  major,  R[=0.6  in  5 %  MeOH  in 
CH2CI2)  and  at  713  nm  (bacteriochlorin  31,  minor,  Rr=0.4 
in  5%  MeOH  in  CHiCii).  The  reaction  was  worked  up  by 
passing  a  stream  of  H2S  gas  for  one  minute,  diluted  with 
CH2C12  (50  mL)  and  then  filtered  through  fluted  filter  paper. 
The  residue  was  washed  with  CH2CI2  (3x50  mL),  dried 
over  Na2SO+.  The  solvent  was  concentrated  and  the  crude 
mixture  so  obtained  was  purified  by  preparative  TLC  using 
5%  MeOH  in  CH2C12  as  an  eluant.  Three  bands  were 
isolated.  The  fast  moving  hand  (10  mg)  was  identified  as 
unreacted  starting  material  4,-the  middle  band  (25  mg.  40%) 
was  found  to  be  chlorin  30  and  the  slowest  moving  band 
isolated  in  13  mg  (20%)  was  characterized  as  bacterio¬ 
chlorin  31. 

3-8.1. 5-[35-Bis{3,5-bis(trifIuroaiethyl)beiizylaxy}phenyl]- 

2,8-diethyl-7,8-dihydroxy'3,74248-tetramethyl-13,17- 

bis(2-methoxycarbonylethyl)porphyrin  (30).  Mp  172- 
174“C;  UV-vis  [CHiCl*  nm  (a,  M_1  cm-1)]  397  (4.44x 
10s),  500  (4.16x10*),  648  (1.17X105);  'HNMR;  59.88  (s. 
1H,  meso  C H).  9.61  (s,  1H,  meso  CH),  9.21  (s,  1H,  meso 
CH),  7.97  (s,  2H,  ArH).  7.91  (s,  2H,  ArH),  7.88  (s,  IH, 
ArH),  7.84  (s,  1H.  ArH),  7.35  (s,  1H.  ArH),  7.12  (s,  1H, 
ArH),  7.06  (s,  1H,  ArH).  5.40  (s,  2H,  OCHj),  530  (s,  2H, 
OC HJ.  4.24  (t.  7=7.2  Hz.  2H.  CHjCHjCOaCHj),  4.15 
(t,  7=7.4  Hz,  2H.  CHjCHjCOjCHj),  3.96  (q.  7=7.4  Hz,  2H. 
CH2CH3).  3.69  (s,  3H,  OCH3),  3.67  (s,  3H,  OCH3),  3.47 
(s,  3H,  CHa).  3.44  (s,  3H,  CH3),  3.17  <t,  7=7.6  Hz.  4H, 
2xCH2CH2COaCH3).  2.26  (s,  3H  CH3).  2.23-234  (m,  3H, 
CH3),  1.70  (t.  7=7.8  Hz,  3H,  CH3).  0.89-053  (m.  2H, 
CH2CH3),  0.44  (t.  7=8.0  Hz.  3a  CH2CH3).  -232  (brs,  1H. 
NH).  I9F  NMR:  5  12.98  (s,  6F,  2xCF3),  12.99  (s,  6F. 
2XCF3).  Mass  (FAB)  calcd.  for  CsoHjsN^FuO,:  1188.12, 
Found;  118950  (M+l). 

33.2.  S-[3,S-Bls{35-bis(trifluroniethyl)benzyIoxy}phenyi]- 
23-dlethyl-7347,18-tetrahydroxy-3,7vL2d8-t£mamethyi- 
13,17-bis(2-nxethoxycarbonylethyl)porphyrm  (31).  Mp 
100-103°C;  UV-vis  (CHjClj)  395  (1.69x10s).  504 
(2.22X10*).  644  (3.81X10*),  716  (2.67x10*).  Note:  Due  to 
mixture  of  isomers  it  was  difficult  to  assign  the  resonances 
for  each  proton  in  the  *H  NMR  spectrum.  The  NMR 
spectrum  showed  mainly  two  peaks  at  8  12.97  and 
12.96  ppm.  Mass  (FAB)  calcd  for  QoHsgN+FiaOjo; 
1223.13.  Found:  122330  (M+l). . 

35.  Method  for  in  vitro  biological  studies 

The  in  vitro  photosensitizing  activity  of  fluorinated  photo¬ 
sensitizers  1-4,  chlorin  30  and  bacteriochlorin  31  was 
determined  in  the  radiation  induced  fibrosarcoma  (RIF) 
tumor  ceil  line.1*  The  RIF  tumor  cells  were  grown  in 


a-MEM  with  10%  fetal  calf  serum,  penicillin  and 
streptomycin.  Cells  were  maintained  in  5%  COj,  95%  air 
and  100%  humidity.  For  determining  the  PDT  efficacy, 
these  cells  were  plated  in  96-well  plates  at  a  density  of 
1.25x10*  cells  well  in  complete  media.  After  an  overnight 
incubation  at  37°C,  the  photosensitizers  were  added  at  the 
same  concentration  (1.0  p.M),  incubated  at  37°C  for  4  h  in 
the  dark.  Cells  were  then  illuminated  'with  a  10GO  W  quartz 
halogen  Lamp  with  IR  and  band  pass  dichioic  filters  to  allow 
light  between  400  and  700  nm,  at  a  dose  rate  of  16  raW/cm2. 
After  PDT,  the  cells  were  washed  once  and  placed  in 
complete  media  and  incubated  for  48  h.  Then  10  p.L  of 
5.0mg/mL  solution  of  3-£4,5-dimethylthiazoI-2-yl]-25- 
diphenyltetrazoliumbromide  dissolved  in  PBS  (Sigma,  St 
Louis,  MO)  was  added  to  each  welL  After  a  4  h  incubation 
at  37* C  the  MTT  and  media  were  removed  and  100  mL 
DMSO  was  added  to  solubilize  the  fonnazin  crystals. 
The  96-well  plate  was  read  on  a  microtiter  plate  reader 
(Miles  Inc.  Titertek  Multiscan  Plus  MK  II)  at  560  nm.  The 
results  were  plotted  as  percent  survival  of  the  corresponding 
dark  (drug  no  light)  control  for  each  compound  tested. 
Each  data  point  is  the  average  of  5  replicate  wells  and 
the  error  bars  are  the  standard  deviation  of  a  single 
experiment 

3.10.  Intracellular  localization 

In  order  to  determine  the  subcdlular  localization  of  the 
fluorinated  podiyrin  4,  chlorin  30  and  bacteriochlorin  31,  the 
RIF  cells  were  seeded  on  poly-L-lysine  coated  glass  cover 
slips  at  1x10s  in  6  well  plates  and  cultered  for  48  h  to  allow 
for  attachment  and  spreading.  The  cells  were  incubated  at 
3TC  in  dark  with  the  1  p.M  concentration  of  photosensitizes 
for  1,  4  and  24  h  and  then  co-incubaied  with  the  035  j±M 
concentration  of  the  organelle-specific  dyes  Rhodamine-123 
for  mitochondria  and  Fluospheres  for  lysosomes.  Immedi¬ 
ately  prior  to  microscopy  (Zeiss  Axiovert  35,  Cad  Zeiss,  Inc. 
Germany),  the  cells  were  gently  rinsed  with  PBS.  Cells  were 
illuminated  with  a  mercury  axe  lamp  with  a  filter  cube 
containing  530-585  nm  excitation  filter,  a  600  nm  dichoric 
filter  and  a  long  pass  emission  filter  to  detect  the 
photosensitizer.  Fluorescent  images  were  recorded  and 
analyzed  using  a  GcnUSys  intesifier  coupled  toa  Dage  MIT 
CCD72  camera  and  digitally  processed  with  Metamorph 
software  (Universal  Imaging  Corp..  Downingtown,  PA). 

3JL  Photophysical  measurements 

Absorption  spectra  were  recorded  on  a  Hewlett  Packard 
8453A  diode  array  spectrophotometer.  Time-resolved 
fluorescence  and  phosphorescence  spectra  were  measured 
by  a  Photon  Technology  International  GL-3300  with  a 
Photon  Technology  International  GL-302,  nitrogen  laser/ 
pumped  dye  laser  system,  equipped  with  a  four  channel 
digital  delay/pulse  generator  (Stanford  Research  System 
Inc.  DG535)  and  a  motor  driver  (Photon  Technology 
International  MD-5020).  Excitation  wavelengths  were 
from  535  to  551  tun  using  coumarin  540A  (Photon 
Technology  International,  Canada)  as  a  dye.  Fluorescence 
lifetimes  were  determined  by  a  two-exponential  curve  fit 
using  a  microcomputer.  Nanosecond  transient  absorption 
-measurements  were  carried  out  using  a  NtfcYAG  laser 
(continuum,  SLH-10,  4—6  ns  fwhm)  at  355  urn  with  the 
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power  of  10  mJ  as  an  excitation  source.  Photoinduced 
eveats  were  estimated  by  using  a  continuous  Xe-lamp 
(150  W)  and  an  InGaAs-PIN  photodiode  (Hamamatsu 
2949)  as  a  probe  light  and  a  detector,  respectively.  The 
output  from  the  photodiodes  and  a  photomultiplier  tube  was 
recorded  with  a  digitizing  oscilloscope  (Tektronix, 
TDS3032,  300  MHz).  The  transient  spectra  were  recorded 
using  fresh  solutions  in  each  laser  excitation.  All  experi¬ 
ment  were  performed  at  298  K. 

For  the  '02  phosphorescence  measurements,  an  Qrsaru- 
rated  solution  containing  the  sample  in  a  quartz  cell 
(optical  path  length  10  mm)  was  excited  at  532  nm  using  a 
Cosmo  System  LVU-2G0S  spectrometer.  A  photomultiplier 
(Hamamatsu  Photonics,  R5509-72)  was  used  to  detect 
emission  in  the  near  infrared  region  (band  path  1  mm). 

3.12.  Electrochemical  and  spectroelectrochemical 
measurements 

Cyclic  voltammetry  (CV)  measurements  were  performed  at 
298  K  on  an  EG&G  Model  173  potentiostat  coupled  with  an 
EG&G  Model  175  universal  programmer  in  deaerated 
benzonitrile  solution  containing  0.1  M  TBAP  as  a  support¬ 
ing  electrolyte.  A  three-electrode  system  was  utilized  and 
consisted  of  a  glassy  carbon  working  electrode,  a  platinum 
wire  counter  electrode  and  a  saturated  calomel  reference 
electrode  (SCE).  The  reference  electrode  was  separated 
from  the  bulk  of  the  solution  by  a  fiitted-glass  bridge  filled 
with  the  solvent/supporting  electrolyte  mixture.  Thin-layer 
spectroelectrochemical  measurements  of  the  one-electron 
oxidized  and  one-electron  reduced  bacteriocblorin 
derivatives  were  carried  out  using  an  optically  transparent 
platinum  thin-layer  working  electrode  and  a  Hewlett- 
Packard  model  8453  diode  array  spectrophotometer  coupled 
with  an  EG&G  Model  173  universal  programmer. 

3.13.  In  vivo  l9F  measurements 

The  radiation  induced  fibrosarcoma  (RIF)  cells  were 
maintained  according  to  the  protocol  of  Twentyman 
ec  aL33  Tumors  were  grown  on  mouse  foot  dorsum  by 
inoculating  2xlQ5  cells.  The  photo  sensitizer  was  adminis¬ 
tered  IP  (-100  *jlM).  ,sF  MR  spectra  were  collected  on  a 
Broker  7T  instrument  using  a  home  built  surface  coil.  The 
19F  MR  spectral  parameters  included  a  90°  pulse  of  16  pa*  a 
spectral  width  of  20  KHz,  8  K  data  points,  and  a  2  s 
repetition  time  for  a  total  accumulation  time  of  30  min. 
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SUMMARY 

The  changes  in  the  tumor  that  occur  following  photodynamic  therapy  (PDT)  were  studied  using  a  small  animal  MR 
imager  operating  at  7Tesla.  The  animal  model  used  in  these  studies  was  mice  bearing  radiation  induced  fibrosarcoma 
(RIF)  tumor  on  the  foot  dorsum.  The  mice  were  injected  with  lOfiM/kg  of  one  of  the  photosensitizers:  1)  Photofrin®  2) 
Non-fluorinated  porphyrin  photosensitizer  (DOD- 1 )  3)  Fluorinated  porphyrin  photosensitizer  (DOD-2)  and,  4) 
Fluorinated  chlorin  photosensitizer  (DOD-6).  Laser  light  at  630  or  650  nm  (150  mW/cm2,  270  joules/  cm2)  was 
delivered  to  the  tumor  at  2-24  hours  of  photosensitizer  administration.  The  MR  spectroscopic  and  imaging  examination 
of  the  tumors  involved  both  the  'H  and  3IP  nuclei.  The  tumor  bioenergetics  was  measured  by  3IP  spectroscopy.  The 
water  proton  relaxivity  and  diffusion  measurements  were  used  to  obtain  local  changes  in  different  regions  of  the  tumor. 

Changes  in  3IP  MR  spectra  were  observed  following  PDT  using  Photofrin®  and  fluorinated  chlorin  sensitizer  (DOD-6). 
However,  no  significant  changes  were  observed  when  the  fluorinated  porphyrin  and  its  nonfluorinated  analog  were  used. 
The  PDT  induced  changes  in  tumor  volumes  showed  significant  tumor  regression  with  Photofrin®,  fluorinated  porphyrin 
and  chlorin  sensitizers.  No  tumor  regression  was  observed  with  the  non  labeled  porphyrin  sensitizer  and  the  growth 
profile  followed  the  general  pattern  of  unperturbed  tumors.  Serial  noninvasive  measurements  of  tumor  response  to  PDT 
are  measurable  by  both  MRI  and  MRS.  The  MR  derived  parameters  that  are  characteristic  of  the  tumor  status  before  and 
after  the  therapy  are  discussed  here. 


KEY  WORDS!  RIF  tumor,  Tumor  regression.  Photodynamic  therapy.  Magnetic  Resonance  Spectroscopy,  31P  MR, 
Relaxivity,  Diffusion,  Solenoid  coil 


1.  INTRODUCTION 


Photodynamic  therapy  is  a  cancer  treatment  modality  that  combines  light  sensitive  drugs  and  lasers.  Cytotoxic  singlet 
oxygen  and  free  radicals  produced  by  photodynamic  therapy  can  damage  the  cell  and  lysosomal  membranes.  One  of  the 
other  major  contributions  to  tumor  destruction  may  be  damage  to  tumor  circulation  following  PDT  initiation  (1). 
Monitoring  the  photosensitizer  (PS)  effects  in  the  tumor  and  in  normal  tissue  is  helpful  in  the  development  and  function 
of  new  photosensitizers.  MR  studies  offer  the  advantage  of  noninvasive  assessment  of  the  photosensitizer  in  a  single 
subject.  The  assessment  of  the  same  in  the  skin  and  underlying  muscle  may  provide  information  about  the  cutaneous 
toxicity  of  PS. 

Magnetic  resonance  measurements  being  noninvasive  in  nature  have  been  used  on  humans  and  animal  models  to  study 
in  situ  biochemistry  and  metabolism  of  tumors  in  a  single  individual  subject.  Phosphorous-31  NMR  spectroscopy  has 
been  used  to  detect  the  early  metabolic  response  of  tumors  to  PDT  (2-6)  which  generally  indicate  a  decrease  in 
nucleoside  triphosphate  (NTP)  and  an  increase  in  inorganic  phosphate  (Pj)  within  1  hour  of  treatment  and  continuing  for 
several  hours  thereafter.  These  data  generally  demonstrate  that  early  changes  in  31P  metabolism  can  be  studied  by 
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MR  and  early  changes  are  attributable  to  direct  cellular  damage  as  opposed  to  later  changes  that  may  be  indicative  of 
overall  hypoxia  caused  by  vascular  damage  (7).  Phosphorous  -31  MR  studies  has  been  used  to  follow  the  therapeutic 
effects  and  to  assess  whether  the  initiation  of  therapy  is  optimal  or  subcurative  (4).  However,  if  a  proton  based  imaging 
technique  can  prc&’ide  basic  information  about  the  initiation  and  progress  of  therapy,  it  would  be  more  widely  applicable 
as  tissue  water  protons  are  present  at  much  higher  concentrations  than  phosphorous-31  nuclei.  When  the  spectral 
changes  seen  in  31P  MR  examinations  correlate  with  tumor  regression  and  the  spectral  measures  can  be  clearly  correlated 
to  changes  in  one  or  more  of  the  MR  parameters  such  as  perfusion,  diffusion,  or  relaxivity,  then  it  will  provide  a  quick 
way  of  effectively  monitoring  the  therapeutic  effects.  Here  we  discuss  the  tumor  response  to  PDT  therapy  while  using 
new  photosensitizers  as  measured  from  31P  MR  and  !H  diffusion  weighted  imaging  studies  at  7Tesla  animal  imager.  The 
structures  of  new  photosensitizers,  representative  in  vitro  PDT  studies  and,  MR  observation  of  fluorine  labeled 
photosenitizer  in  an  in  vivo  RIF  tumor  model  have  been  published  by  us  recently  (8).  The  molecular  structures  of  three 
such  photosensitizers  studied  in  this  project  are  shown  in  Figure  1. 


DOD  -1:  R=CH3,  DOD-2:  R=  CF3  DOD-6 

Figure  The  structures  of  photoensitizers  used  in  the  study. 

An  ideal  tumor  size  for  the  studies  involving  PDT  and  MR  is  one  which  is  not  too  large  to  be  a  physiological  burden  (9) 
to  the  animal  but  sufficient  enough  to  provide  signals  of  high  signal  to  noise  ratio  from  small  tumor  volumes.  The  tumor 
size  we  used  in  our  studies  was  in  the  neighborhood  of  1-2%  of  the  body  weight.  The  tumors  grown  on  the  foot  dorsum 
with  volumes  in  the  range  of  100-300  pi  were  found  suitable  for  the  studies  using  MR  techniques. 

2.  METHODS 

2.1AnimaI  and  tumor  model 

RIF  tumor  was  implanted  on  the  foot  dorsum  of  male  C3H/HeJ  mice  (Jackson  laboratories,  Bar  harbor,  ME).  PDT  and 
MRI  studies  were  performed  on  foot  tumors  while  the  animal  remained  steady  under  1%  isoflurane  anesthesia 

2.2  Tumor  production 

Male  C3H/HeJ  mice,  three  to  four  weeks  of  age,  were  used  in  our  studies.  The  mice  were  housed  at  five  per  cage  in 
humidity  and  temperature  controlled  animal  facility  with  a  12  hour  light/dark  cycle.  All  mice  were  fed  standard  chow 
and  provided  with  water  ad  libitum.  Mice  treated  with  photosensitizers  were  maintained  in  subdued  light  for  the 
experiments. 

Frozen  RIF  cells  originally  obtained  from  Roswell  Park  Cancer  institute  (Buffalo,  NewYork)  were  maintained 
according  to  the  general  protocols  of  Twentyman  et  al  ( 10)  with  appropriate  changes  of  the  growth  media  at  least  twice 
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a  week.  Tumors  on  the  foot  dorsum  were  produced  by  inoculating  subcutaneously  with  2x10s  fresh  RIF  cells  on  three 
week  old  male  mice.  The  inoculation  sites  were  observed  two  or  three  times  a  week  for  tumor  growth  until  a  tumor  size 
of  sufficient  volume  for  NMR  and  in  vivo  experiments  were  obtained. 

2.3  PDT 

All  PDT  measurements  were  performed  at  630nm  using  an  argon  ion  (Spectra  physics  model  2045)  pumped  dye  laser 
(Spectra  Physics,  375B).  A  fractionated  laser  irradiation  scheme  was  employed  that  consisted  of  two  laser  irradiations, 
separated  by  a  dark  interval  of  2  hours.  Laser  irradiation  was  done  for  ten  minutes  each  along  each  one  of  the  three 
tumor  directions  leading  to  30  minutes  of  laser  irradiation  and  a  light  dose  of  270  J  cm'2.  This  method  provides  nearly 
uniform  light  delivery  to  the  entire  tumor  mass. 

The  photosensitizers  were  administered  IP  at  a  dose  of  ~10pM/kg.  The  photosensitizers  considered  in  the  study  are:  1) 
Photofrin®  2)  Non-fluorinated  porphyrin  photosensitizer  (DOD-1)  3)  Fluorinated  porphyrin  photosensitizer  (DOD-2) 
and,  4)  Fluorinated  chlorin  photosensitizer  (DOD-6).  After  2-24  hours  post  drug  administration,  the  tumors  were 
illuminated  with  laser  light  at  the  required  wavelength. 

2.4  Tumor  growth  before  and  after  PDT 

Tumor  measurements  were  done  every  day  both  before  and  after  the  treatment.  The  tumor  volumes  were  estimated 
using  the  formula  V=  n  (axbxc)  16  where  a,  b  and  c  are  the  tumor  dimensions  in  three  directions  measured  using  a 
caliper.  Tumor  bearing  animals  were  divided  into  treated  and  control  groups.  The  control  study  groups  were  those  that 
remained  untreated  or  those  that  were  treated  with  photosensitizer  alone  or  laser  alone.  The  three  tumor  dimensions 
and  the  total  tumor  volume  were  recorded.  The  tumor  volumes  post  PDT  were  used  to  measure  the  tumor  regression  and 
were  used  to  evaluate  the  PDT  effects  using  different  photosensitizers  on  mice  tumor  model.  Growth  charts  were 
produced  for  both  the  controls  and  treated  tumors.  The  tumor  doubling  rates  or  tumor  regression  rates  were  computed 
from  the  charts  so  produced.  To  compare  the  PDT  effects  of  different  photosensitizers,  the  tumor  doubling  times  from 
the  day  0  to  the  day  of  laser  irradiation  and  the  tumor  halving  times  post  PDT  were  computed. 


2.5  Magnetic  resonance  spectroscopy  and  imaging 


The  31P  MR  spectra  were  collected  both  before  and  after  PDT  using  a  Bruker  7T  instrument  and  a  home  built  saddle  coil 

(see  Figure  2).  The  MR  spectral  parameters  included  a  90°  pulse  of 
20|iS,  a  spectra]  width  of  20  KHz,  8K  data  points  and  a  2s  repetition 
time  for  a  total  accumulation  time  of  30  minutes.  31P  spectra  were 
collected  prior  to  injecting  the  drug,  before  PDT  initiation,  and  up  to 
6  hrs  after  PDT  initiation.  The  ratio  of  Pi  to  total  phosphorus  content 
is  measured  as  a  possible  indicator  of  onset  of  PDT. 


Figure  2:  The  31P  saddle  coil  designed  for  7T  animal  imager  was  constructed 
at  our  center.  This  coil  with  a  diameter  of  1.5  cm  was  used  in  foot  tumor 
studies. 


2.5.1  Relaxivity  studies 

The  optimized  imaging  of  tumors  to  visualize  the  contrast  between  the  necrotic,  viable  and,  edematous  zones  requires 
knowledge  of  both  Ti  and  T2  relaxation  times.  We  have  performed  multislice  Ti  and  T2  relaxation  time  measurements 
on  both  control  and  PDT  treated  mice.  The  image  based  water  Ti  relaxivity  measurements  were  performed  using 
variable  repetition  times  (TRs).  The  T2  measurements  were  done  using  a  series  of  spin  echo  images  with  variable  echo 
times.  Both  the  studies  were  done  in  a  multi-slice  imaging  mode. 
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2.5.2  Diffusion  Imaging 

Diffusion  MRI  studies  were  done  using  proton  saddle  coil  of  1.5  cm  diameter  and  1.5  cm  length.  Diffusion  weighted  'H 
images  were  collected  both  before  and  after  PDT  on  a  1  mm  axial  slice  with  128x64  matrix  with  an  FOV  of  4cm.  The 
data  matrix  was  interpolated  to  obtain  a  128x128  square  matrix.  Mice  were  covered  with  cotton  blanket  to  keep  them 
warm  inside  the  magnet.  Diffusion  sensitizing  gradient  (0-120mT/M)  pulse  was  applied  in  the  three  directions  with 
durations  (8)  of  10ms,  a  diffusion-gradient  separation  time  (A)  of  19.7  ms  and  12  b  values.  The  b  values  used  in  this 
study  were:  57.125, 102.107, 162.083, 280.160,  431.974,  617.524, 836.81 1,  1001.744, 1 181.672, 1376.593, 1586.508, 
and  1697.089  s/mm2. 

2.5.3  Image  Processing 

All  MR  data  were  analyzed  using  the  Bruker  Paravison  software.  Four  regions  of  interest  (ROI)  were  chosen  for  our 
measurements.  The  relaxation  times  (Ti  or  T2)  and  the  apparent  diffusion  coefficients  (ADC’s)  from  different  regions  of 
interest  (ROIs)  were  measured  from  the  relaxivity  and  diffusion  weighted  images. 

3.  RESULTS 

Representative  tumor  growth  patterns  of  control  tumors  such  as  untreated,  PS  treated,  and  laser  treated  tumors  are 
shown  in  Figure  3a.  The  growth  profiles  for  the  PDT  treated  tumors  are  shown  in  Figure  3b. 


Time  (min)  Time  (min) 


Figure  3a:  Growth  profiles  for  tumors  for  1)  unperturbed 
2)  laser  irradiation  alone  and  3)  drug  alone.  The 
arrows  indicate  time  of  drug  or  laser  administration 


Figure  3b:  Growth  profiles  for  PDT  treated  tumors  using  DOD-1, 
DOD-2,  DOD6,  and  Photofrin®.  The  arrows  indicate 
the  time  at  which  PDT  was  started. 


The  slopes  obtained  from  the  growth  phase  alone  and  regression  phase  alone  were  used  to  compute  the  rates  given  in 
Table  1.  The  growth  and  regression  rates  correspond  to  increase  or  decrease  in  tumor  volumes.  As  can  be  seen  from  the 
values  in  the  last  column,  DOD-1  did  not  show  any  PDT  response  and  there  is  only  one  rate  which  characterizes  this 
growth  profile.  The  growth  is  represented  by  the  doubling  time  and  the  regression  rates  are  represented  by  the  lime 
required  for  the  tumor  to  regress  to  half  its  volume.  The  tumor  volume  measurements  clearly  demonstrate  PDT  effects 
with  DOD-2,  DOD-6,  and  Photofrin®.  No  such  effects  were  seen  on  laser  alone  or  drug  alone  controls. 
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Table  1 


The  changes  that  result  following  PDT  studies  were  measured 
using 3  lP  MR  spectroscopic  technique.  The  fluorine  labeled 
photosensitizer  (DOD-2)  did  not  show  significant  changes  in  31P 
spectra  but  the  tumor  volume  measurements  showed  regression 
as  shown  in  Tablel .  The  studies  involving  Photofrin®  and 
DOD-6  showed  tumor  regression  and  changes  in  31P  spectra. 

The  nonlabeled  photosensitizer  did  not  show  tumor  regression  or 
changes  in  31P  spectra. 

The  31P  spectral  data  obtained  for  the  case  of  Photofrin®  were 
analyzed  and  percent  inorganic  phosphate  and  a-ATP  with 
respect  to  total  tumor  phosphorous  were  measured.  These 
values  were  obtained  using  the  AMARES  algorithm  as  included 
in  jMRUI  software  package  (11).  An  increase  in  the 
concentration  of  inorganic  phosphate  (Pi)  and  a  corresponding 
decrease  in  ATP  values  over  time  after  PDT  initiation  are 
shown  in 

Figure  4.  A  similar  set  of  results  were  also  seen  while  using  DOD6 
sensitizer.  There  were  greater  effects  on  phosphate  metabolism  within 
in  the  first  2  hours  of  PDT  when  the  sensitizer  was  Photofrin®  or  DOD- 
6.  The  effects  of  PDT  on  3IP  spectra  were  little  or  none  when  the 
sensitizers  used  were  DOD-lor  DOD-2.  However  all  the 
photosensitizers  except  DOD-1  showed  tumor  regression  as  shown  in 
Figure  3.  The  results  presented  in  Figure  3  describing  the  growth 
profiles  are  for  qualitative  analysis  only  and  further  studies  with  DOD- 
1  and  DOD-2  under  similar  treatment  conditions  as  photofrin  and 
DOD-6  are  currently  in  progress. 


3.1  Relaxivity  Values 

The  tumors  were  investigated  for  the  changes  in  Ti  and  T2  values 
following  the  therapy.  The  measurements  were  made  in  four  different 
regions  on  the  central  slice  of  2  mm  thick  similar  to  that  shown  in 
Figure  5.  The  mean  T2  values  before  and  within  lhr  after  therapy 
were  64.5  ±2.9  ms  and  63.8±2.3  ms  respectively.  Thus  no  changes 
were  seen  for  the  T2  values  after  the  therapy.  The  mean  T]  values 
before  and  after  the  therapy  were  1 828±235  ms  and  2553  ±  1 63  ms 
respectively  indicating  an  increase  of  40  %( P=0.004).  The  increase 
in  Tj  values  were  significant  in  all  regions  of  the  tumor  area  chosen 
in  this  study.  These  results  are  also  consistent  with  our  earlier  studies 
on  whole  tumors  studied  on  a  4.7T  instrument  (12). 


Figure  4:  Intensities  of  Pi  and  a-ATP  peaks 
measured  at  various  times  post  PDT 
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3.2  Apparent  Diffusion  Coefficients 

From  the  diffusion  weighted  images  the  ADC’s  in  four  different  regions  of  interest  (ROIs)  were  obtained.  The  different 
ROIs  chosen  from  1mm  thick  mid  slice  of  the  tumor  are  shown  in  Figure  5.  The  signal  intensities  were  extracted  for 
each  ROI  and  ADCs  measured  using  the  Bruker  Paravision  software  for  diffusion  analysis.  The  standard  deviations  were 
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recorded  for  the  selected  regions  of  interest  shown  in  Figure5.  The  ADC  values  measured  before  therapy  were  in  the 
expected  range  for  the  tumor  type  studied  here. 


The  control  ADC  values  were  measured  before  the  induction  of  PDT  in  4  different  regions  in  a  1  mm  axial  image  that 
corresponds  to  the  central  slice  of  the  tumor.  The  volumes  of  the  regions  of  interest  were  typically  of  the  order  of  6-7 
mm3.  Significant  changes  in  the  ADC  values  for  both  Photofrin®  and  DOD-6  sensitizers  were  observed  in  the  first  two 
hours  post  PDT.  These  changes  were  more  concentrated  in  region  4  (see  figure  5).  An  increase  in  ADC  was  more 
evident  with  DOD-6  than  with  Photofrin®.  In  some  regions  a  decrease  in  ADC  was  also  observed.  The  four  regions  of 
interest  in  a  given  slice  that  were  chosen  for  ADC  measurements  along  the  x,  y,  and  z  directions  led  to  a  total  of  twelve 
measurements  of  ADCs  per  slice.  From  the  set  of  12  measured  values,  we  observed  increases  in  7  values  and  decreases 
in  5  for  the  case  of  Photofrin®  and  10  increases  and  2  decreases  for  the  case  of  DOD-6.  The  maximum  increase  in  ADC 
was  -54%  with  Photofrin®  and  165%  with  DoD-6.  Together  our  studies  demonstrate  that  in  the  time  frame  where  3IP 
studies  indicate  build  up  of  inorganic  phosphate,  the  different  regions  of  the  tumor  also  undergo  changes  in  the  diffusion 
values  which  are  indicative  of  a  substantial  increase  in  water  diffusivity  that  may  be  attributable  to  major  cell  loss, 
reduced  cell  density,  and  widening  of  extracellular  space  leading  to  high  water  mobility  (13).  A  decrease  in  ADCs  has 
been  attributed  to  possible  cell  membrane  break  down  that  block  active  ion  and  water  transport  that  lead  to  decline  in 


ADC. 


Figure  5:  A  diffusion  weighted  axial  image  from  a  central  slice  of  the  tumor 
recorded  immediately  following  PDT.  The  four  regions  of  interest  that  were 
considered  in  the  study  are  also  shown. 


4.  CONCLUSIONS 

MR  spectroscopic  studies  of  tumors  before  and  after  photodynamic 
therapy  may  provide  valuable  insight  into  tissue  response  to  different 
photosenitizers  at  different  times  post  therapy.  The  results  from  different 
MR  techniques  have  a  significant  potential  in  evaluating  cellular  and 
molecular  events  that  follow  photodynamic  therapy  involving  different 
photosenitizers  and  their  mode  of  action. 
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SUMMARY 

Photodynamic  therapy  (PDT)  is  a  novel  cancer  treatment  modality  where  the  therapeutic  action  is  controlled  by  light  and 
the  potency  of  the  photosensitizer  used.  Development  of  new  potent  photosensitizers  (PS)  for  clinical  applications 
requires  that  the  PDT  effects  are  maximized  while  minimizing  dark  cytotoxicity.  The  dark  toxicity  of  photosensitizers  is 
generally  confirmed  using  cell  lines.  Photososensitizers  that  appear  promising  from  in  vitro  assays  need  further 
investigations  under  in  vivo  conditions.  As  in  vivo  MR  methods  have  the  potential  to  provide  information  on  the  tumor 
status,  they  can  be  very  effective  tools  to  study  dark  toxicity  of  tumors. 

The  tumor  produced  on  the  mouse  foot  dorsum  was  tested  on  two  newly  synthesized  photosensitizers  along  with 
Photofrin  as  a  control.  The  MR  studies  consisted  of  serial  31P  spectral  measurements  both  before  and  after  PS  injection. 
The  results  show  significant  changes  in  the  tumor  metabolism  with  increased  inorganic  phosphate  while  using  new 
photosensitizers.  However  these  changes  slowly  approached  control  levels  several  hours  later.  The  studies  performed 
while  using  Photofrin  did  not  show  any  significant  changes  indicating  minimal  or  no  dark  cytotoxicity.  Similar  studies 
performed  on  normal  tissue  such  as  the  muscle  indicated  that  the  energy  metabolism  was  minimally  compromised. 

Our  studies  demonstrate  that  the  effects  of  dark  cytotoxicity  can  be  observed  by  31P  MR.  The  growth  profiles  of  tumors 
treated  with  PS  alone  indicate  that  the  metabolic  changes  are  temporary  and  do  not  interfere  with  the  tumor  growth. 
The  studies  suggest  that  MR  is  a  new  method  of  monitoring  the  effect  of  PS  administered  toxicity  in  an  in  vivo  model. 


KEY  WORDS!  RIF  tumor,  Tumor  Growth  Profiles,  Dark  cytotoxicity.  Photodynamic  therapy.  Magnetic  Resonance 
Spectroscopy,  31P  MR,  RF  coils.  ; 


1.  INTRODUCTION 

Photodynamic  therapy  (PDT)  is  a  novel  cancer  treatment  modality  in  which  the  drug  action  is  locally  controlled  by  light 
(1).  Development  of  new  photosensitizers  (PS)  for  clinical  applications  needs  to  minimize  dark  cytotoxicity  while 
maximizing  the  PDT  effects  in  the  tumor.  Photofrin  with  a  long  incubation  time  in  human  ovarian  carcinoma  cells  has 
shown  dark  toxicity  effects  (2).  Other  photosensitizers  such  as  Nile  Blue  A  (NBA)  have  shown  dark  toxicity  on  human 
tumor  cells  in  vitro  (3).  The  dark  toxicity  of  NBA  was  not  due  to  apoptosis.  The  cytotoxicity  of  photosensitizers  in  an  in 
vitro  situation  is  often  measured  using  a  suitable  cell  system.  For  example  the  cytotoxicity  in  dark  or  in  the  presence  of 
laser  light  is  generally  monitored  by  counting  the  number  of  cells  in  the  untreated  and  PS  treated  cultures  (4).  Other 
methods  such  as  MTT  cell  proliferation  assay  (  5  )  is  based  on  the  ability  of  mitochondrial  dehydrogenase  enzyme  from 
viable  cells  to  cleave  the  tetrazolium  rings  of  MTT  and  form  a  dark  blue  formazan  crystal  which  is  largely  impermeable 
to  cell  membranes.  The  number  of  surviving  cells  is  directly  proportional  of  the  formazan  product  created.  The  latter 
method  has  been  used  to  detect  a  portion  of  dark  toxicity  manifested  by  Photofrin  II  (6). 
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In  the  above  in  vitro  models  the  effect  is  only  seen  in  the  number  of  cells  that  die  and  the  number  of  healthy  cells  that 
remain  after  a  treatment.  The  results  depend  upon  the  concentration  of  PS  which  remain  constant  during  the  time  of 
incubation.  However, in  practice,  build  up  of  the  PS  in  the  tumor  and  its  subsequent  cytotoxicity  is  a  dynamic  process 
involving  different  absorption  and  elimination  rates.  Thus,  a  true  and  realistic  model  when  used  to  determine  the 
cytotoxicity  should  take  into  account  the  dynamics  of  PS  in  the  model.  Additionally,  the  presence  of  vasculature  in 
tumors  is  not  represented  in  cellular  systems  thereby  making  it  a  less  effective  representation  of  a  tumors  present  in 
humans.  Thus,  a  tumor  model  in  a  mammalian  system  should  be  of  great  preclinical  value  in  obtaining  more 
information  on  the  effects  of  PS  on  the  tumor  either  in  the  dark  or  in  the  presence  of  laser  light.  For  these  studies  we  use 
the  murine  tumor  model  where  the  tumor  is  grown  on  the  foot  dorsum. 

We  also  monitored  the  murine  tumor  model  with  and  without  the  administered  PS  by  the  noninvasive  magnetic 
resonance  technique.  Two  new  water  soluble  photosensitizers  (7)  were  tested  for  dark  toxicity  and  tumor  growth 
monitored  over  4-6  weeks.  Of  the  two  photosensitizers  used  in  this  study,  one  was  a  chlorin  derivative  (DOD-6)  and  the 
other  was  a  porphyrin  derivative  (DOD-2).  The  structures  of  these  photosensitizers  are  shown  n  Figure  1  as  compounds 
1  and  2  respectively.  The  PS  administered  was  in  the  dose  range  of  2.5-1  OpM/kg.  Here  we  report  the  results  of  our 
studies  on  dark  toxicity  of  two  PS  by  in  vivo  31P  MR  and  discuss  their  utility  in  the  development  of  new  photosensitizers 


C02Na 
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Figure  1:  The  structures  of  two  water  soluble  photosensitizers  used  in  these  studies.  The  compounds 
1  and  2  are  chlorin  and  porphyrin  based  photosensitizers. 


2.  METHODS 


2.1Animal  and  tumor  model 

Male  C3H/HeJ  mice,  three  to  four  weeks  of  age,  were  used  in  our  studies.  The  mice  were  housed  at  five  per  cage  in 
humidity  and  temperature  controlled  animal  facility  with  a  12  hour  light/dark  cycle.  All  mice  were  fed  standard  chow 
and  provided  with  water  ad  libitum.  Mice  treated  with  photosensitizers  were  maintained  in  subdued  light  for  the 
experiments. 

2.2  Tumor  production 

Choice  of  tumor  model:  An  ideal  tumor  size  for  the  project  is  one  which  is  not  too  large  to  be  a  physiological  burden  to 
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the  animal  but  large  enough  to  provide  high  quality  signal  from  small  tumor  volumes.  The  tumor  size  is  generally  kept 
between  1-10%  of  the  body  weight  (8)  and  do  not  exceed  10%.  The  tumors  grown  on  the  foot  dorsum  to  a  volume  of 
300-400  pi  were  found  to  be  appropriate  for  our  studies.  The  turner  size  we  used  in  these  studies  were  in  the 
neighborhood  of  1-2%  of  the  body  weight 

Methods:  Frozen  RIF  cells  originally  obtained  from  Roswell  Park  Cancer  institute  (Buffalo,  New  York)  were 
maintained  according  to  the  general  protocols  of  Twentyman  et  al  (9)  with  appropriate  changes  of  the  growth  media  at 
least  twice  a  week.  Tumors  on  the  foot  dorsum  were  produced  by  inoculating  subcutaneously  with  2x1  Or  fresh  RIF  cells 
on  three  week  old  male  C3H/HeJ  mice  (Jackson  laboratories.  Bar  harbor,  ME).  The  inoculation  sites  were  observed  two 
or  three  times  a  week  for  tumor  growth  until  a  tumor  size  of  sufficient  volume  for  NMR  (200-300pl)  and  in  vivo 
experiments  was  reached  and  used  in  this  study.  All  MRI  studies  performed  on  foot  tumors  while  the  animal  remained 
steady  under  1  %  isoflurane  anesthesia. 

2.3  PDT 

All  PDT  measurements  were  performed  at  630nm  using  an  Argon  ion  (Spectra  physics  model  2045)  pumped  dye  laser 
(Spectra  Physics,  375B).  A  fractionated  laser  irradiation  scheme  was  employed  that  consisted  of  two  laser  irradiations, 
separated  by  a  dark  interval  of  2  hours.  Laser  irradiation  was  done  for  ten  minutes  each  along  each  one  of  the  three 
tumor  directions  leading  to  30  minutes  of  laser  irradiation  and  a  light  dose  of  270  J  cm'2.  This  method  provides  nearly 
uniform  light  delivery  to  the  entire  tumor  mass. 

The  photosensitizers  were  administered  IP  at  a  dose  of  ~2-10|iM/kg.  PDT  studies  were  performed  on  foot  tumors  while 
the  animal  remained  steady  under  1%  isoflurane  mixed  with  N20,  and  O2  The  photosensitizers  considered  in  the  study 
are:  1)  Fluorinated  chlorin  photosensitizer  (DOD-6)  2)  Fluorinated  porphyrin  photosensitizer  (DOD-2)  and  3) 
Photofrin®.  After  2-24  hours  post  drug  administration,  the  tumors  were  illuminated  with  laser  light  at  the  required 
wavelength. 

2.4  In  vivo  MR  studies 

The  3IP  MR  spectra  were  collected  from  the  foot  tumor  both  before  and  after  administering  the  PS.  The  studies  were 
performed  using  DOD-6,  DOD-2  and  photofrin  the  only  FDA  approved  photosensitizer  used  in  PDT  treatment  of 
patients.  A  Bruker  7T  instrument  and  a  home  built  saddle  coil  were  used  for  these  studies.  The  MR  spectral  parameters 
included  a  RF  pulse  of  pulse  of  20ps,  a  spectral  width  of  20  KHz,  8K  data  points  and  a  2s  repetition  time  for  a  total 
accumulation  time  of  30  minutes.  31P  spectra  were  collected  prior  to  injecting  the  drug,  before  and  up  to  6  hrs  post  PS 
administration.  The  percent  inorganic  phosphate  (Pi)  and  the  high  energy  phosphate  (ATP)  resonances  were  estimated 
using  the  AMARES  algorithm  as  indicated  in  jMRUI  software  package  (10). 

2.5  Tumor  growth  before  and  after  PS  administration 

Tumor  measurements  were  done  every  day  both  before  and  after  the  treatment.  The  tumor  volumes  were  estimated 
using  the  formula  V=  n  (a*b*c)  /6  where  a,  b  and  c  are  the  tumor  dimensions  in  three  directions  measured  using  a 
caliper.  Tumor  bearing  animals  were  divided  into  treated  and  control  groups.  The  control  study  groups  were  those  that 
remained  untreated  throughout  the  experiment.  The  three  tumor  dimensions  and  the  total  tumor  volume  were  recorded. 
The  tumor  volumes  post  PS  administration  were  used  to  measure  the  tumor  regression  and  were  used  to  evaluate  the 
effects  of  dark  toxicity  of  different  photosensitizers  on  mice  tumor  volumes  and  growth  profiles.  Growth  profiles  were 
produced  for  both  the  controls  and  treated  tumors. 

3.  RESULTS 

The  photosensitizer  DOD-6  showed  significant  increase  in  inorganic  phosphate  (Pi)  resonance  in  the  first  30  minutes 
post  drug  administration.  Representative  31P  spectra  when  DOD-6  was  administered  at  10  and  2.5  pM/kg  are  shown  in 
displays  A  and  B  in  Figure  2.  This  increase  in  Pi  persisted  for  3-4  hours.  Similar  results  were  seen  while  using  DOD-2 
(See  display  C  in  Figure  2).  Studies  performed  between  5-24  hours  showed  characteristics  of  control  spectra  recorded 
before  drug  injection.  When  photofrin  was  used  at  doses  similar  to  those  used  above,  no  significant  changes  were  seen 
in  31P  MR  spectra  indicating  minimal  dark  toxicity  for  Photofrin  (see  display  D  in  figure  2). 
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Figure  2:  31P  spectra  of  mouse  foot  tumor  recorded  before  (upper  trace)  and  after  (lower  trace) 
administration  of  Photosensitizers  :  A)  DOD-6  administered  at  a  dose  of  10  pM/kg  B)  DOD-6 
administered  at  a  dose  of  2.5  pM/kg  C)  DOD-2  administered  at  a  dose  of  10  pM/kg  and  D)  Photoffin 
administered  at  a  dose  of  10  pM/kg  respectively.  The  various  peak  assignments  are:  1)  fi-ATP  2)  a-ATP 
3)  y- ATP  4)  PCr  5)  PDE  6)  Pi  and  7)  PME. 
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A  graphical  representation  of  the  changes  involved  in  Pi  and  a- ATP  peak  intensities  following  the 
administration  of  5  pM  of  DOD-6  is  shown  in  Figure  3.  The  changes  indicate  an  increase  in  Pi  and 
a  decrease  in  a- ATP  peak  post  PS  administration. 


Figure  3:  The  changes  observed  over  time  in  Pi  and  a-ATP  peak  intensities  following 
the  administration  of  5pM/kg  of  DOD-6.  The  solid  lines  represent  the  increase  in  Pi 
and  a  corresponding  decrease  in  a-ATP  peaks. 


4.  Discussion 

Dark  toxicity  was  observed  when  the  new  photosensitizer  (DOD-6)  was  administered  at  drug  concentration  of  2.5-10 
pM/kg.  A  significant  increase  in  inorganic  phosphate  (Pi)  and  a  decrease  in  high  energy  phosphates  were  observed  at 
10  and  5  pM/kg  doses.  However  the  magnitude  of  changes  were  significantly  lower  when  the  administered  dose  was 
2.5pM/kg.  Continuous  monitoring  of  the  tumor  by  31P  MR  over  a  period  of  4.5  hrs  showed  an  increase  in  Pi  of 
approximately  146%  and  the  decrease  in  a-ATP  of  -38%.  For  PDT  treated  tumors  an  increase  in  Pi  by  as  much  as 
280%  and  a  decrease  in  a-ATP  by  62%  were  observed,  The  tumor  volume  measurements  were  made  for  4-6  weeks 
following  the  administration  of  single  dose  of  the  PS.  The  growth  profile  did  not  differ  from  the  untreated  ones.  The 
cytotoxicity  that  results  from  the  interaction  of  PS  with  laser  light  was  in  accordance  with  our  earlier  results  (11).  PDT 
studies  performed  post  drug  administration  (usually  24  hrs  after  drug  administration)  showed  significant  tumor 
regression  and  the  rate  of  regression  was  greater  at  lOpM/kg  than  at  5  pM/kg.  Tumor  volumes  measured  following 
PDT  at  2.5  pM/kg  dose  did  not  show  tumor  regression. 

While  the  changes  in  tumor  metabolism  upon  administration  of  DOD-6  or  DOD-2  are  significant  and  clearly  measurable 
by  in  vivo  MR  studies,  dark  toxicity  alone  does  not  appear  to  be  sufficient  to  produce  tumor  regression.  This  is  borne  out 
by  the  fact  that  the  PDT  treated  tumors  showed  significant  tumor  regression  while  PS  treated  tumors  did  not  show 
significant  deviations  from  untreated  tumor  growth  profiles.  Representative  growth  profiles  of  both  PS  treated  and 
untreated  tumors  are  shown  in  Figure  4.  The  growth  profiles  show  that  indeed  the  PS  treated  tumors  are  similar  to  the 
untreated  control  tumors. 
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The  studies  on  tumors  using  the  new  Photosensitizers  demonstrate  that  dark  toxicity  can  be  observed  by  31P  MR.  The 
tumor  volumes  monitored  over  several  days  did  not  show  any  tumor  shrinkage  as  observed  in  PDT  induced  cytotoxicity. 
Although  dark  toxicity  was  shown  by  the  two  new  PS,  it  was  not  strong  enough  to  interfere  with  the  normal  tumor 
growth.  Our  study  provides  information  on  dark  toxicity  of  a  PS  in  an  in  vivo  model  and  hence  provides  a  more 
complete  picture  than  those  on  cell  lines.  In  vivo  31P  studies  can  be  a  valuable  tool  in  selecting  appropriate  dose  of  the 
sensitizer  which  minimizes  dark  toxicity  on  normal  cells  and  exerts  maximum  beneficial  effects  on  the  tumors.  Because 
of  its  noninvasive  nature  theses  studies  should  be  translatable  to  patients  under  therapy. 


5.  CONCLUSIONS 

MR  spectroscopic  studies  of  tumors  before  and  after  PS  administration  may  provide  valuable  insight  into  tissue  response 
to  different  photosenitizers  at  different  times  post  therapy.  The  results  from  MR  technique  have  a  significant  potential  in 
evaluating  cellular  and  molecular  events  that  follow  PS  administration  and  after  photodynamic  therapy  involving  their 
mode  of  action.  Application  of  in  vivo  MR  studies  to  smaller  tumor  volumes  using  localized  spectroscopic  imaging 
technique  may  provide  valuable  information  about  cytotoxicity  of  PS  in  tumor  models. 
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side  of  the  foot.  Once  tumors  were  visible  I  kept  track  of  the  tumor  volumes  and  made 
sure  tumors  stayed  within  a  specific  growth  window.  If  the  volume  got  too  extensive  I 
put  the  animal  down. 


Numbering  of  mice 

I  have  weighed  and  numbered  over  one  hundred  mice.  Procedure:  by  piercing  their  ears 
using  a  ear  piercing  code;  five  mice  were  kept  per  cage  in  special  micro  isolators. 

Numbering  of  rats 

I  have  weighed  and  numbered  over  two  hundred  rats.  Procedure:  writing  the  number  on 
the  rats  tail  with  a  magic  marker.  This  process  worked  well  as  long  as  the  animal  only 
needed  to  be  kept  track  of  for  a  couple  of  weeks. 

Drawing  blood  from  rats  and  mice 

I  have  drawn  blood  from  around  thirty  rats.  Method  used  was  to  anesthetize  them,  make 
sure  animal  was  sedated  by  lightly  pinching  their  foot.  Once  this  was  accomplished  the 
blood  was  drawn  from  the  heart.  .8-1.4  ml  of  blood  was  extracted  from  the  animals.  To 
keep  the  blood  from  clotting  one  ml  of  an  anticoagulant  solution  was  added. 

Recently  just  started  extracting  blood  from  mice.  I  have  drawn  blood  from  a  couple  mice. 
Generally  around  one  ml  of  blood  can  be  drawn  from  a  mouse.  Same  method  followed 
as  in  the  rat  procedure. 

Anesthetizing  of  small  animals 

I  am  in  the  process  of  using  two  methods  of  anesthetics.  The  first  is  generally  used 
before  the  blood  drawing.  This  method  is  a  cocktail  of  Ketamine  and  Xylasine  that  is 
injected  into  the  thigh  region  of  a  rat  or  mouse. 

The  second  method  is  by  using  an  anesthetizing  machine  containing  isoflurane  of  1.5, 
N20  at  600  cc/min.,  and  02  at  200  cc/min.  The  animals  are  anesthetized  in  two  to  five 
minutes.  This  method  of  anesthetizing  is  generally  used  before  and  during  MRI  studies 
and  also  when  the  cocktail  of  Ketamine  and  Xylasine  is  not  available. 

Extraction  of  Neural  Tissue 

I  have  extracted  neural  tissue  from  over  two  hundred  rats.  Method  used  :  The  animal  is 
laid  on  its  back  and  with  a  pair  of  dull  tipped  scissors  you  make  an  incision  through  the 
throat  area  and  cut  through  the  bone.  Then  pull  back  the  skin  till  the  skull  is  exposed  you 
then  make  to  incisions  on  both  sides  and  cut  along  the  sides  of  the  skull.  Once  the  neural 
tissue  is  exposed  you  lightly  go  around  with  a  spatula  to  loosen  and  release  the  neural 
tissue  from  its  cavity. 


Extraction  of  Thigh  Tissue 

I  have  recently  extracted  thigh  tissue  from  eight  rats.  Method  used:  The  animal’s  fur  and 
skin  around  the  thigh  region  are  removed  using  a  scalpel.  The  muscle  of  the  thigh  is  then 
cut  around  the  thigh  and  pulled  back  to  releases  it  from  the  bone. 

Tail  Vein  Injections 

I  have  practiced  Tail  vein  injections  on  around  ten  mice  and  feel  fairly  confident  with  this 
procedure.  Method  used:  the  mouse  is  first  set  under  a  heat  lamp  for  a  minute  or  so  to 
allow  for  the  tail  veins  to  become  more  visible.  The  mouse  is  then  taken  and  restricted  in 
a  flat  bottomed  restrainer.  The  solution  being  used  is  then  injected  into  one  of  the  four 
mice  veins’  making  sure  the  needle  does  not  go  in  to  deep.  If  procedure  is  successful  then 
the  solution  is  visible  going  through  the  vein  into  the  body. 

Spectroscopy 

I  am  experienced  in  the  use  of  a  Bio  Spec  1601  to  find  different  wavelengths  of  photofrin 
solutions,  which  are  currently  being  used  on  RIF-1  tumor  cells. 

MRI  Studies 

I  have  run  many  rat  blood  studies  relating  to  Li  levels  in  RBC  and  plasma  1  have  also 
helped  out  with  different  MRI  studies  relating  with  lithium  distribution  in  a  rats  thigh  and 
proton  and  phosphorus  studies  pertaining  to  mice  studies.  The  three  types  of  image 
sequences  that  I  am  familiar  with  are:  one  pulse  sequence,  60  spec  Id  T2  sequence,  and 
lm  spec  Id  T2  although  I  have  helped  out  with  many  others.  I  also  integrated  some  of 
the  data  that  was  attained  through  image  sequences  and  am  involved  in  various  data 
processing. 

I  have  analyzed  the  levels  of  lithium  in  the  brains  of  a  few  rats  using  paravision  software 
and  have  also  participated  on  a  few  image  pharmakinetic  studies  that  have  been  done 
recently. 

I  also  supervised  the  animals  breathing  rate  and  their  levels  of  anesthetic  during  the 
experiments. 

Using  a  laser 

I  have  participated  in  many  experiments  using  a  laser  machine  on  C3h/Hej  mice 
containing  tumors  on  both  the  flank  and  the  dorsal  side  of  the  hind  foot  using 
photodynamic  therapy. 

PDT  studies 

I  have  participated  in  multiple  PDT  studies.  These  PDT  studies  on  mice  have  been  done 
using  photosensitive  drugs  such  as  photofrin,  DOD1,  DOD2,  DOD6,  and  DOD  JM  4. 
During  these  PDT  sessions  the  drug  is  first  injected  two  to  twenty  four  hours  prior  to  the 
laser  treatments.  The  animals  are  then  anesthetized  and  are  treated  with  the  laser  on  three 
sides  (the  top  and  two  sides  of  the  tumor)  for  uniform  penetration. 

I  have  also  participated  in  some  preliminary  tumor  imaging  studies,  and  some  Tland  T2 
measurements  that  were  taken  before  and  after  the  PDT  was  done. 


CD  Backup 

I  am  Currently  in  the  process  of  transferring  and  backing  up  data  from  MRI  studies  using 
the  Unix  C  Shell  operating  system. 

Shipment  of  Hazardous  Goods 

I  have  recently  been  certified  to  ship  Infectious  substances  with  or  without  dry  ice,  and 
diagnostic  specimen.  I  have  prepared  and  shipped  samples  of  neural  and  thigh  tissue 
recently. 
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Bachelor  of  Science  in  Biotechnology  (in  December  2005). 
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7/2004  -  present  Research  Technician 

•Design  and  carry  out  a  wide  range  of  PDT  (Photodynamic 
Therapy)  experiments  on  small  rodent  tumor  models  and  monitor 
PDT  effects  as  well  as  the  effects  of  photosensitizers  alone  in 
murine  tumors  by  spectroscopic  technique. 
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Summary: 

Highly  motivated,  creative  and  knowledgeable  computer  science  graduate  student  with 
four  years  of  experience  in  programming,  database  manipulation  and  ten  years  of 
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•  Good  programming  skill  in  Java,  Fortran,  C,  C++,  IDL,  VB,  SQL,  HTML,  ASP  and 
Shell  Script 

•  Good  knowledge  of  TCP/IP  protocols  (TCP,  UDP,  IP,  ICMP  and  ARP),  AutoCad 
and  Oracle  DBA 

•  Familiar  with  Unix,  Window  2000/NT/XP  and  Linux 

•  Strong  background  in  mathematics  and  physics 

•  Responsible,  efficient,  cooperative  and  eager  to  learn  new  technology 
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•  Create  and  modify  MRI  pulse  program 

•  MRI  data  acquisition,  spectrum  and  image  processing  and  Analysis 
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University  of  Nebraska  at  Omaha 
Department  of  Computer  Science 

•  Developed  a  matching  tool  for  components  reuse  (matching  and  adaptation) 

University  of  Nebraska  at  Omaha  August-December  2003 

College  of  Information  Science  and  Technology 
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Physics  Department 
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•  Simulated  Arctic  cloud  with  GESIMA  model  for  international  project- 
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Beijing,  China 
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Processed  and  analyzed  PMS  data  on  PC 

Studied  the  variation  of  IN  concentration  in  Beijing  and  its  effect  on  climate 

Honors: 

•  Awarded  Lanzhou  University  scholarship  for  four  consecutive  years 

•  Won  second  Prize  in  General  Physics  contest  held  at  Lanzhou  University,  1990 

•  Won  third  Prize  in  Mathematics  contest  held  at  Lanzhou  University,  1991 

•  Ranked  No.  2  in  the  final  evaluation  for  4  academic  years  in  Lanzhou  University. 

•  Received  Regent  Tuition  Waver  (RTW)  Scholarship  at  the  University  of 
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•  Appointed  Research  Assistant  position  at  Dalhousie  University  (1991-2001)  and 
University  of  Nebraska  Medical  Center  (2003-2005) 

•  Awarded  the  Travel  stipend  to  attend  the  ISMRM  meeting  at  Miami,  Florida, 
May,  2005. 
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Dr.  Mahabeer  Prasad  Dobhal 

April  14,  1956 

01, Teachers  Residence 

University  Campus 

University  of  Rajasthan 

Jaipur-  302004 

India 


Educational  Qualification 

B.Sc  ,  from  Agra  University,  Agra  (1973) 

B.Ed.,  from  Agra  University,  Agra  (1974) 

M.Sc.,  from  Garhwal  University, Srinagar  (1976) 

Ph.D.from  University  of  Rajasthan  ,  Jaipur(  1 982) 

Research  Experiences 

1.  ►August  1976  to  February  1982  worked  for  Ph.D.  degree  on  the  project  entitled  Chemical 
Investigation  of  Medicinal  Plants  of  Garhwal  Region  under  the  supervision  of  Prof.B.C.Joshi  . 

2.  ►December  1982  to  April  1983  worked  as  Post-Doctoral  fellow  with  Prof.  B.C.Joshi. 

3.  ►In  May  1983  UGC  Research  Associateship  was  awarded  , during  this  period, (May  1983  to 
August  1984)  chemical  investigation  of  some  medicinal  plants  was  carried  and  a  few  anti-epileptic 
agents  were  isolated. 

Work  Experiences 

1 .  Worked  as  a  Production  Chemist  in  Navin  Chemicals  Ltd.  NOIDA  (India) 

2.  From  September  1984  I  have  been  working  as  an  Assistant  Professor  in  the  Department  of 
Chemistry  , University  of  Rajasthan,  Jaipur  . 
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